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CHAPTER 1. GENERAL INTRODUCTION 
 
Background 
Ecological communities worldwide are becoming more uniform through the introduction 
and subsequent establishment of non-native species into novel areas through anthropogenic 
activities (Rahel 2002). Intentional introductions commonly occur to provide societal benefits 
such as food, recreation, and biological control (Pimentel et al. 2000). Additionally, 
advancements in transportation and worldwide commerce have increased unintentional 
introductions (Rahel 2002). In the United States (US), approximately 50,000 non-native species 
introductions have occurred with varying success and impacts (Pimentel et al. 2005, Sagoff 
2005). A single non-native species can alter ecosystem structure and function and have costly 
economic consequences (Macisaac 1996, Pimentel et al. 2005, Weber and Brown 2009) and 
estimated economic losses due to non-native introductions in the US are US$137 billion a year; 
however, actual costs are likely much higher because monetary costs associated from species 
extinctions, loss of ecosystem services, and aesthetic values are not easily assessed (Pimentel et 
al. 2005). Likewise, ecological costs may be much greater than economic costs but are difficult 
to quantify and assess because of lag times between invasion and empirically confirmed impacts 
to the environment (Gido and Brown 1999, Stohlgren and Schnase 2006). 
At least 83 non-native fishes have become established in the Upper Mississippi River 
Basin (UMRB) as a result of dispersal from other basins or by direct introduction from 
anthropogenic activities (Rasmussen 2002). Two of the more recent and widely recognized 
invaders to the UMRB are Silver Carp (Hypophthalmichthys molotrix) and Bighead Carp (H. 
nobilis). Bighead and Silver carps are part of a group of four fishes called Asian Carp that also 
includes Grass Carp (Ctenopharyngodon idella) and Black Carp (Mylopharyngodon piceus). 
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Asian Carp were imported into the US during the 1960s and 1970s for food consumption and 
biological control (Freeze and Henderson 1982). Asian Carp were released into the wild through 
private and commercial stockings (Grass Carp) and documented accidental escapement from 
aquaculture facilities in the 1970s (Silver, Bighead, and Black carps), eventually becoming 
abundant and widespread, threatening the integrity of the UMRB and any connected aquatic 
ecosystems (Irons et al. 2009).  
 Due to their high reproductive capabilities and long distance movements 
(DeGrandchamp et al. 2008), Asian Carp can quickly become established and currently inhabit 
more than 20 states throughout the Mississippi, Missouri, Ohio, and Illinois river basins (Kolar et 
al. 2007, Baerwaldt et al. 2013, Deters et al. 2013). By the mid-1980s, Asian Carp were caught in 
the pooled sections of the UMRB (Guillory and Gasaway 1978, Kolar et al. 2007), with the first 
observations of Grass Carp in Iowa occurring in 1978 (Guillory and Gasaway 1978) and Silver 
Carp below lock and dam 19 (LD19) near Keokuk in 1986 (Irons et al. 2009). A year later, 
Bighead Carp were captured near the mouth of Yellow Springs Creek north of Burlington, IA 
(Irons et al. 2009). Since the initial observations in Iowa, adult Bighead, Grass, and Silver carps 
have been observed in several additional UMRB tributaries in Iowa such as the Des Moines, 
Skunk, Iowa, and Cedar rivers (Bruce 1990, United Press International 2011, Irons 2012). Black 
Carp have not been observed in Iowa, but an adult was captured in the UMR during 2015 near 
Louisiana, MO approximately 120 rkm downstream of the southernmost border of Iowa (USGS 
2016). Furthermore, two juvenile Black Carp were collected in a floodplain ditch adjacent to the 
UMR near Cape Girardeau, MO approximately 530 rkm south of Iowa, indicating Black Carp 
establishment and expansion is occurring near the southeastern Iowa border (USGS 2016). 
3 
 
Currently, southern Iowa appears to be on the leading edge of Asian Carp expansion. 
Substantially higher catch rates of adult Bighead and Silver carps occur below LD19 than above 
(Chick and Pegg 2001), suggesting this structure and other lock and dams on the UMR may 
serve as partial migration barriers (Wilcox et al. 2004). For example, the UMR water level is 
regulated at each dam in order to maintain a navigation channel by reducing or eliminating the 
amount of water discharged, leaving passage through the locks as the only means of fish 
movement during low river discharge periods. However, dam gates are lifted during higher 
discharge events and can provide fish passage (Garvey et al. 2010). Asian Carp also exhibit some 
of their highest movement rates during high discharge events, especially during annual spring 
runoff (DeGrandchamp et al. 2008). Additionally, high movement rates are associated with peak 
discharge events when temperatures are near or within the spawning optimum, suggesting 
movement may be associated with spawning migration behavior (Jennings 1988, Peters et al. 
2006, DeGrandchamp et al. 2008). Furthermore, Asian Carp can quickly make long distance 
migrations (163 km in 35 d; Peter et al. 2006) indicating that these fish are capable of dispersal 
into new locations. 
Although Asian Carp may be able to navigate lock and dams on the UMR, pooled 
sections between these structures may provide unsuitable spawning habitats for these species. 
Asian Carp are highly fecund (up to 3.5 million eggs per female; Garvey et al. 2006) and have 
short gestation periods (Chapman and George 2011). Thus, only a few adults may be needed to 
quickly establish abundant populations (Crawley et al. 1986). Despite adult Asian Carp being 
detected above LD19 up to St. Paul, MN, USA since 1996 (USGS 2016), their populations have 
remained low, suggesting reproduction may be limited or nonexistent in these reaches. Pooled 
sections associated with lock and dams exhibit reservoir-like characteristics that are lentic in 
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nature, potentially resulting in lower Asian Carp reproduction than in the unregulated sections 
where lock and dams are absent (Lohmeyer and Garvey 2009). In contrast, established Asian 
Carp populations in tributary systems, such as the Illinois River, can have high recruitment and 
adult abundance increased exponentially since 2008 (Sass et al. 2010). Yet, Asian Carp 
abundance in the tributaries of the UMRB are much lower compared to the Illinois River and it is 
unknown whether or not these systems are suitable for reproduction. 
Successful Asian Carp spawning depends on adults finding suitable habitat of sustained, 
high flow or increasing discharge when water temperatures are between 18 and 30 °C (Kolar et 
al. 2007). Continuous river flow of at least 25 km may be necessary to suspend the semi-buoyant 
eggs for a 24 hour (h) period or until larvae successfully hatch (Krykhtin and Gorbach 1981, 
George and Chapman 2013, Murphy and Jackson 2013). In most areas of the UMR, reaches 
between dams with sufficient sustained velocities and turbulence to keep eggs in suspension do 
not exist or are poorly suited for egg survival (Lohmeyer and Garvey 2009). However, age-0 
Asian Carp have been documented in tributaries such as the Cache River (a tributary to the Ohio 
River; Burr et al. 1996) and the Illinois River (a tributary to the Mississippi River; 
DeGrandchamp et al. 2007). Additionally, tributaries are known to be associated with spawning 
activity in their native range in the Yangtze River (Yi et al. 1988) and in varying capacities in the 
Missouri River (Schrank et al. 2001) and Illinois River (DeGrandchamp et al. 2007) where they 
are introduced. Successful establishment and reproduction in tributaries could provide sources of 
recruitment for pooled sections of the UMRB and other areas of poor reproduction. 
 In response to the Asian Carp expansion in the UMRB, the objectives of this thesis were 
to 1) develop an alternative Asian Carp egg identification technique using morphological 
characteristics of ethanol preserved specimens, 2) evaluate Asian Carp reproduction in the Des 
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Moines, Iowa, and Skunk river tributaries to the Upper Mississippi River, and 3) develop a 
geographical information system model to predict potential Asian Carp reproductive areas in the 
Des Moines River.  The results of these objectives will help determine if Asian Carp are 
reproductively established in Iowa, provide insight into the ecology of highly invasive species 
along the leading edge of invasion, develop a simplistic model to predict Asian Carp spawning 
locations and provide a technique to identify fish eggs.  
 
Thesis Organization 
The following chapters in this thesis consist of three research chapters and a general 
conclusion chapter. Chapters 2 through 4 address the research objectives stated above. Chapter 2 
describes the use of morphological characteristics for egg identification using a random forests 
classification technique specifically tuned to predict Asian Carp eggs preserved in ethanol. 
Chapter 3 incorporates aspects of adult gonad maturation and spatiotemporal distributions of 
eggs and larvae to evaluate the reproduction of Asian Carp in three Upper Mississippi River 
tributaries in Iowa. Chapter 4 uses river length, presence of hardpoints, river sinuosity, river 
gradient, and backwater habitat availability to create a spatial model to predict areas of high 
Asian Carp reproductive potential in the Des Moines River. The last chapter is a general 
summary of conclusions from the three research chapters in this thesis. 
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CHAPTER 2.  MORPHOLOGICAL IDENTIFICATION OF ASIAN CARP EGGS 
USING RANDOM FORESTS MACHINE LEARNING CLASSIFICATION 
 
Abstract 
Asian Carp have been expanding their range throughout the Mississippi River Basin since 
their introduction. Efforts to determine areas of current or potential establishment have largely 
relied upon the detection of eggs and larvae. However, traditional visual identification of fish 
eggs is difficult and unreliable due to discrepancies and lack of information on morphological 
egg characteristics. Furthermore, morphological changes occur when specimens are preserved in 
ethanol, rendering current descriptions of non-preserved eggs inadequate. Alternatively, genetic 
analysis is often used for egg identification, but the cost per sample is expensive and limits the 
number of eggs that can be identified. My objective was to develop a new identification 
technique that could identify ethanol preserved Asian Carp eggs using egg morphometric 
characteristics in a random forests classification model. Eggs were collected from the Upper 
Mississippi River and three tributaries in southeastern Iowa during 2014 and 2015. Each egg was 
classified based on embryo definition, development, pigment presence, membrane shape, and 
debris adhesion to the membrane. In addition, measurements of the midline of late stage embryos 
and membrane and embryo diameter were measured to calculate the average, standard deviation, 
and coefficient of variation for the membrane and embryo and perivitteline space of each egg. 
Several models were explored to assess how model performance was affected when eggs were 
identified to the family, genus, or species taxonomic level and which morphometric 
characteristics provided the best model to identify Asian Carp eggs. All models performed well, 
with overall model error rates at 4% for the family, 14% for the genus, and 21% for the species 
level model. Model error rates were reduced to 7% for the family, 8% for the genus, and 14% for 
the species level models when Bighead, Grass, and Silver carps were combined into a single 
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Asian Carp group. Each model had a 97% success rate predicting Asian Carp eggs.  Variable 
importance and reduction analysis determined that egg membrane diameter was the most 
important egg predictive characteristic, but the addition of ten morphological characteristics 
resulted in a 98% success rate for identifying Asian Carp eggs. Combined, the results reveal that 
a combination of morphometric measurements from ethanol preserved eggs in a random forests 
classification model can be used for egg identification.  
Introduction 
Aquatic invasive species are becoming more common in the US and are expanding their 
distribution through natural and anthropogenic dispersal (Lodge 1993, Rahel 2002). Introduced 
in the 1960s and 1970s, Grass Carp (Ctenopharyngodon idella), Silver Carp 
(Hypophthalmichthys molitrix), and Bighead Carp (H. nobilis), collectively called Asian Carp in 
the US, have invaded the Mississippi River basin and are expanding their range, threatening 
ecosystem integrity (Freeze and Henderson 1982, Nico et al. 2005, Irons et al. 2009, Wittmann et 
al. 2014). Efforts to determine areas of current and potential establishment have largely relied 
upon the detection of early life stages (Shrank et al. 2001, DeGrandchamp et al. 2007, Deters et 
al. 2013, Coulter et al. 2016, Embke et al. 2016). However, discrepancies and lack of information 
on morphological egg characteristics of Asian Carp and native species has made traditional 
visual identification of fish eggs difficult and unreliable (Richards 1985, USGS 2014, Larson et 
al. 2016). To avoid inconsistencies of traditional visual identification, genetic analysis is often 
the preferred alternative for egg identification (Becker 2015, Coulter et al. 2016, Embke et al. 
2016). Unfortunately, genetic analysis is expensive, making it impractical for use on large 
quantities of eggs commonly captured during ichthyoplankton sampling. Therefore, alternative 
egg identification techniques must be developed to ensure the accurate detection and timely 
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designation of Asian Carp establishment from large sample collections that are vital for rapid 
response efforts.  
Asian Carp eggs have been described in great detail (Chapman 2006, Chapman and 
George 2011, George and Chapman 2013, George and Chapman 2015), but similar detailed 
visual descriptions do not exist for many native species in the Upper Mississippi River Basin. 
Due to a lack of information regarding differences in egg morphology among species, fish eggs 
recently collected in pools 9 and 11 of the Upper Mississippi River were visually misclassified as 
Asian Carp based on membrane size but were later genetically identified as a native cyprinid 
(USGS 2014). The misclassified eggs had a larger membrane diameter than any native fish eggs 
previously reported in literature (Larson et al. 2016).  Insufficient knowledge of the range of egg 
morphology variation within a species due to biotic (e.g., female size and fitness; Crean and 
Marshall 2009) and abiotic (e.g., water temperature; Hutchings 1991) factors can result in 
inaccurate identification protocols. Furthermore, Asian Carp egg morphology may be different or 
display greater variability in invaded than native systems due to the wide range of environmental 
variability and lack of natural stressors in invaded systems compared to their native range (Mack 
et al. 2000, Peterson and Vieglais 2001, Lenaerts et al. 2015). Thus, additional information on 
fish egg morphology among native and invasive species is needed to clarify and refine 
distinguishing visual characteristics necessary for correct egg identification. 
The choice of preservative is of great importance for morphometric analysis due to 
differential physical changes of a specimen following preservation (Martinez et al 2013). 
Measurements from live specimens offer the best morphological descriptions of natural 
conditions. However, obtaining accurate field measurements of live eggs at the time of capture is 
usually not possible and preservation is required for storage and transport (Kelso and Rutherford 
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1996). A growing body of literature suggests that all forms and combinations of fixation and 
preservation change the morphology (e.g. shape, size, weight) of specimens (Kelso and 
Rutherford 1996, Frimpong and Henebry 2012), including commonly used preservatives such as 
formalin (Konig and Borcherdin 2012) and ethanol (Martinez et al 2013). Unfortunately, most 
egg descriptions in literature, including Asian Carp, are of live specimens (Yi et al. 2006, George 
and Chapman 2013, 2015) and do not translate well to ethanol-preserved specimens (Martinez et 
al. 2012). Consequently, the existing body of literature describing egg morphology is only 
applicable to a small subset of studies. 
 The objective of this study was to develop an egg identification tool that could identify 
Asian Carp eggs preserved in ethanol. Formalin is often the preferred preservative for 
ichthyoplankton specimens (Kelso and Rutherford 1996). However, formalin degrades DNA 
quality through the preservation process hindering genetic identification (Diaz-Viloria et al. 
2005). In contrast, ethanol preservation does not affect the integrity of the DNA and is preferred 
over formalin for material subjected to molecular techniques (Srinivasan et al. 2002). I used a 
random forests classification model to classify genetically identified eggs based on 
morphological characteristics. First, I present three models that classify eggs to the family, 
genus, and species taxonomic levels. Second, I combined all Asian Carp species into a single 
group and present three additional models for each taxonomic level. Third, I use the variable 
importance measure to reduce the number of predictor variables in the species level model while 
refining Asian Carp prediction accuracy. Model results will help resource managers identify 
ethanol preserved Asian Carp eggs from in situ collections using morphological characteristics. 
Methods 
Fish eggs were sampled within the lower portions of four major interior Iowa rivers and 
the Upper Mississippi River in southeast Iowa, USA (Figure 2.1). Egg sampling was conducted 
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every 10 days (d) from late April through the end of September in 2014 and 2015 at each site 
with three tows per site. A single transect perpendicular to the water flow consisting of one tow 
in thalweg, channel border, and backwater habitats was sampled at each site. Each habitat was 
defined by the magnitude of water flow. The backwater habitat consisted of areas with little to no 
flow. Thalweg habitat was located in the portion of the river with the fastest flowing water, 
typically in the main channel. Channel border habitat was an intermediate between the thalweg 
and backwater and had variable flow magnitude that was less than the thalweg and more than the 
backwater within the same transect. Eggs were collected with an ichthyoplankton net (0.5 m 
diameter opening, 500-µm mesh) towed just below the water surface for up to four minutes 
(min) depending on debris load at a constant boat speed relative to the shoreline or at boat motor 
idle if river flow was slow. After each tow, contents were washed into a collection cup on the 
cod end, drained of water, placed into jars, and preserved with 95% ethanol. In the laboratory, 
eggs were separated from debris by at least two individuals on separate occasions or until no 
eggs were found. Eggs from each tow were stored in 20 mL glass scintillation vials with 95% 
ethanol. 
 Spatial and temporal variation in reproduction varies across species and results in eggs 
being released at different times of the year. Furthermore, egg morphology of a species may vary 
within a single river based on water temperature and other water quality parameters (Hutchings 
1991). Thus, eggs from each tow were randomly subsampled to account for spatiotemporal 
variation within species assemblages and egg morphology variation within a single species.  
The criteria for subsampling eggs from each tow differed slightly between 2014 and 2015 based 
on the total number of eggs caught in each year and available funding. However, the scheme was 
consistent between years. In 2014, all eggs were subsampled from tows containing <9 eggs and 
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7% of eggs from tows containing >10 eggs were subsampled.  In 2015, all eggs were subsampled 
from tows containing <5 eggs and 8% of eggs from all tows with >6 eggs were subsampled. 
Eggs from an individual tow were poured into a numbered grid petri dish, filled with 95% 
ethanol, and jostled in all directions until eggs distributed throughout the petri dish. A random 
number table of the grid numbers on the petri dish was generated and eggs within the numbered 
grid of the petri dish corresponding to the random number table were selected for subsampling. 
Each subsampled egg was photographed (Olympus SZX7 microscope; Image Pro 7.0 software, 
Media Cybernetics, Bethesda, MD) at 2x magnification. After photographing, each egg was 
stored individually in 5 mL microcentrifuge tubes with 95% ethanol for genetic analysis.  
From each picture, eggs were visually categorized and measured using Image Pro 
software. Embryos were first identified as either a “compact” element with distinct 
developmental features within the membrane or “diffuse” with no discernable embryo definition 
(Figure 2.2). Compact embryos were further classified based on egg development stages defined 
in Kelso and Rutherford (1996). All embryos were classified for the presence or absence of 
pigment, that when present, was commonly found on the yolk, body, and/or eyes of embryos 
(Figure 2.2). Egg membranes were classified based on the presence or absence of a deflated 
membrane and debris adhesion. Deflated membranes were characterized by a non-spherical 
shape with wrinkles and debris adhesion was characterized by organic or inorganic material 
sticking to the egg membrane (Figure 2.2). Additionally, four diameter measurements (mm) with 
starting points equally spaced around the circumference were taken from the membrane and 
embryo and a total length measurement (mm) along the midline from all late stage embryos 
(Figure 2.3). The average, standard deviation, and coefficient of variation of the membrane and 
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embryo diameters for each egg were calculated. Lastly, the visually transparent region between 
the embryo and outer membrane, known as the perivitteline space, was calculated as: 
Perivitteline Space Index = 1 − (
𝑒𝑚𝑏𝑟𝑦𝑜 𝑎𝑣𝑒𝑟𝑎𝑔𝑒
𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒
) 
DNA was extracted from individual fish eggs using the Gentra Puregene Tissue Kit 
(Qiagen, Germantown, MD) or Promega Wizard® Genomic DNA Purification kit (Promega 
Corp., Madison, WI) according to the manufacturer’s suggested protocol and stored at -20 °C. 
Polymerase chain reaction (PCR) was used to amplify portions of the mitochondrial genome 
corresponding to the cytochrome b gene using primers developed by Song et al. (1998) or 
cytochrome oxidase subunit I (COI) using primers developed Ivanova et al. (2007). Successfully 
amplified PCR products were sequenced and manually edited in Geneious 
(http://www.geneious.com, Kearse et al. 2012) and compared to DNA sequences of known Asian 
Carp species for positive identification. Non-Asian Carp sequences were identified to species by 
comparing them to available data bases of DNA sequences (e.g., GenBank) or with the NCBI nr 
database and Megablast search algorithm (Altschul et al. 1997 as implemented in Geneious 
v8.1.7).   
For each egg, 13 biotic and four abiotic metrics were recorded as predictor variables and 
the genetic identification was recorded as the response variable. Biotic predictor variables 
included the presence or absence of pigment on the embryo, membrane deflation, debris adhered 
to the membrane, status of embryo as compact or diffuse, egg development stage, average, 
standard deviation, and coefficient of variation of membrane and embryo diameter, late stage 
embryo length, and perivitteline space index. Since fishes do not all spawn at the same time of 
year and have different optimum water conditions for reproduction, abiotic variables such as 
water temperature and conductivity measured at each site during egg collection and the Julian 
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day and month were included. All specimens without a membrane or embryo resulting in 
missing predictor variable information were excluded from further analysis.  
Egg morphometric characteristics and genetic identifications were used in a random 
forests ensemble learning technique that uses the Breiman’s random forest algorithm to predict 
the genetic identification of eggs based on egg morphology (Breiman 2001).  Random forests 
models are a tree type classifier that do not make assumptions about normality or independence 
of data, is compatible with datasets with more predictors than observations, applicable with 
continuous and categorical variables, relatively robust to outliers, noise, autocorrelation, and is 
generally as good as or better than the best available prediction models (Breiman 2001, Cutler et 
al. 2007, Maroco et al. 2011). In random forests, many classification trees are constructed using a 
random bootstrapped sample (approximately 63%) of the original data and a random subset of 
the predictor variables is chosen for each node (split) in a tree (Prasad et al. 2006). Growing a 
large number of trees (1000 or more) using bootstrapped data is effective at reducing 
generalization error associated with the model training set and randomly selecting predictor 
variables at each node reduces bias and variance by decreasing the correlation of unpruned trees. 
The resulting model does not over-fit the data (Breiman 2001). The remaining unused original 
data (out-of-bag observations) for each tree are then run through the associated tree and given a 
predicted classification, also known as a tree vote. The final prediction for each observation is 
the class with the most votes across all trees. Accuracies and error rates are computed using the 
out-of-bag predictions and averaged across all observations. There is no need to manually cross 
validate random forests since each tree is constructed without the out-of–bag observations; 
internally calculated out-of-bag error estimates are analogous to cross validation error estimates 
(Breiman 2001).  Additionally, for each level of a response variable, a classification error is 
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internally computed as the proportion of misclassified predictions to the number of true 
individuals.  
Three separate random forests models were created using all predictor variables to 
classify eggs to family, genus, or species. I was also interested in the ability of the model to 
identify eggs of Silver, Bighead, and Grass carps from all other groups. Silver, Bighead, and 
Grass carps were combined into a single group called Asian Carp and three additional models 
were created with all other species grouped at either the family, genus or species level. For each 
random forest model, the overall model error, called the out-of-box error estimation, was 
recorded. Additionally, four other metrics were calculated for each class associated with Asian 
Carp from the confusion matrix table that depicts the performance of the random forests 
predictions compared to the genetic identifications used to create the model. Class prediction 
success was defined as the accuracy of the model at predicting the correct genetic identification 
and was calculated by: 
𝐶𝑙𝑎𝑠𝑠 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛 𝑆𝑢𝑐𝑐𝑒𝑠𝑠 =
𝑐𝑝𝑐𝑙𝑎𝑠𝑠
𝑛𝑐𝑙𝑎𝑠𝑠
 
where cpclass = frequency of correct predictions of a class and nclass = frequency of genetic 
identifications of a class. Prevalence was defined as the proportion of genetic identifications of a 
particular class in the dataset and was calculated from the confusion matrix by: 
𝑃𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒 =
𝑛𝑐𝑙𝑎𝑠𝑠
𝑁
 
where N = total frequency of genetic identifications from all classes. Precision was defined as the 
proportion of correct predictions from all correct and incorrect predictions of a specific class and 
was calculated from the confusion matrix by: 
𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =
𝑐𝑝𝑐𝑙𝑎𝑠𝑠
𝑃𝑐𝑙𝑎𝑠𝑠
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where Pclass =  frequency of all predictions of a class. False positive error was defined as the 
proportion of incorrect predictions of genetic identifications from a class and was computed from 
the confusion matrix output by: 
𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝐸𝑟𝑟𝑜𝑟 =
𝑃𝑐𝑙𝑎𝑠𝑠 − 𝑐𝑝𝑐𝑙𝑎𝑠𝑠
𝑁 − 𝑛𝑐𝑙𝑎𝑠𝑠
 
Specificity was defined as the proportion of correct predictions of non-target classes from all 
non-target genetic identifications and was computed from the confusion matrix by: 
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 =  
∑ 𝑐𝑝𝑛𝑡.𝑐𝑙𝑎𝑠𝑠
𝑁 − ∑ 𝑛𝑛𝑡.𝑐𝑙𝑎𝑠𝑠
 
where, cpnt.class = the correct predictions of a non-target class and nnt.class = the frequency of 
genetic identifications of a non-target class. All proportions were reported as percentages. All 
statistical analyses were conducted using R software (R Development Core Team 2009) and the 
“randomForest” package (Breiman 2001, Liaw and Wiener 2002).   
To reduce the number of predictor variables needed to accurately predict Asian Carp 
from all other species, I used the variable importance measure to rank all predictor variables. A 
series of models was created using stepwise ascending variable introduction strategy. Random 
forests use a different approach to measure variable importance than commonly used statistical 
methods for models that use Akaike’s Information Criterion or statistical significance (Liaw and 
Weiner 2002). However, this approach is effective at identifying predictor variables for 
elimination without sacrificing the model’s prediction accuracy (Oh et al. 2003, Genuer et al. 
2010). Random forests uses a Gini importance measure defined as a predictor variable’s degree 
of discriminability between classes (Oh et al. 2003). At every node of every tree, at least one of 
the predictor variables is used to form the split and there is a resulting decrease in the splitting 
criterion. The Gini measure is computed as the sum of all the decreases in the splitting criterion 
19 
 
within the random forest due to a given variable, normalized by the number of trees grown 
(Breiman 2001). Therefore, predictor variables with low Gini measure scores are less 
informative at discriminating between classes and may be eliminated. The Gini measure from the 
full species level model containing a single class for all Asian Carp species was used to order 
predictor variables based on importance. A sequence of models was run starting with the most 
important variable and adding the next most important variable in until all variables were used 
(Genuer et al. 2010). The class error and false positive error associated with the Asian Carp class 
from each model was calculated and then summed to calculate the total Asian Carp error for each 
model. Class error was calculated by: 
𝐶𝑙𝑎𝑠𝑠 𝐸𝑟𝑟𝑜𝑟 = 1 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛 𝐶𝑙𝑎𝑠𝑠 𝑆𝑢𝑐𝑐𝑒𝑠𝑠 
The model with the smallest AC error was considered the most parsimonious random forests 
model to efficiently predict Asian Carp egg identification. 
Results 
A total of 10,205 eggs were collected from May 5th to September 26th 2014 and 5,929 
eggs were collected from April 23 to September 25th 2015. A subset of 2,061 eggs were 
measured and genetically identified. Genetic analysis successfully identified 738 of 1,294 (57%) 
eggs from 2014 and 543 of 767 (71%) eggs from 2015. Four species combined for 83% of the 
identified eggs: Freshwater Drum (Aplodinotus grunniens; 32%), Silver Carp (29%), Emerald 
Shiner (Notropis atherinoides; 12%), and Grass Carp (10%). The remaining 17% were composed 
of 25 species, included Bighead Carp (1%; Table 2.1).  Average egg membrane diameter was 
largest for Fathead Minnow (Pimephales promelas; 4.01 mm ± 0.32 SE) followed by Grass Carp 
(3.43 mm ± 0.06 SE), Bighead Carp (3.43 mm ± 0.15 SE), Silver Chub (Macrhybopsis 
storeriana); 2.97 mm ± 0.13 SE), Silver Carp (2.84 mm ± 0.04 SE), and Goldeye (Hiodon 
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alosoides; 2.71 mm ± 0.23 SE). All other species had average membrane diameters <2.20 mm 
(Table 2.1).  Egg membrane diameter ranged from 1.79 to 4.90 mm for Grass Carp, 2.26 to 4.04 
mm for Bighead Carp, and 1.46 to 4.33 mm for Silver Carp (Figure 2.4). 
Three models using the family (Appendix 1), genus (Appendix 2), and species (Appendix 
3) taxonomic levels were fit using all 1,275 eggs with genetic identifications and values for all 
predictor variables. The out-of-box estimated error rate was lowest for the family level (4%) 
followed by the genus level model (14%) and was highest for the species level (21%; Table 2.2). 
Genus and species models had the most difficulty distinguishing Silver, Bighead, and Grass 
carps from one another. In the genus level model, 56% (29 of 42) of the false negatives for 
Hypophthalmichthys were predicted as Ctenopharyngodon and 93% (37 of 40) of the false 
negatives for Ctenopharyngodon were predicted as Hypophthalmichthys (Appendix 2). 
Furthermore, 58% (37 of 64) of the false positives predicted as Hypophthalmichthys were 
Ctenopharyngodon and 88% (29 of 33) of false positives predicted as Ctenopharyngodon were 
Hypophthalmichthys. In the species level model, 100% (12 of 12) of the false negatives for 
Bighead Carp were predicted as either Grass or Silver carps, 80% (30 of 34) of the false 
negatives for Grass Carp were predicted as Silver Carp, and 73% (30 of 41) false negatives for 
Silver Carp were predicted as either Bighead or Grass carps. Finally, 100% (1 of 1) of the false 
positives for Bighead Carp were predicted Silver Carp, 87% (33 of 38) of Grass Carp were 
predicted Silver and Bighead carps, and 56% (38 of 68) of Silver Carp were predicted Bighead 
and Grass carps (Appendix 3).  
When Bighead, Grass, and Silver carps were combined into a single Asian Carp class and 
re-run on all three taxonomic levels, the out-of-box error rate increased for the family model 
(Appendix 4) and decreased for the genus (Appendix 5) and species (Appendix 6) models 
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compared to the models without the combined Asian Carp class (Table 2.2). Overall, the Asian 
Carp models performed well at successfully predicting 97% of Asian Carp eggs and having low 
false positive Asian Carp prediction rates (4-5%) and high precision (93-94%). The only 
difference between the three Asian Carp models was specificity (the ability to correctly identify 
non-Asian Carp classes). The species model specificity was approximately 10% less effective at 
predicting non-Asian Carp eggs than the genus or family models.  
Variable reduction analysis of the species model with the combined Asian Carp class 
using the decrease mean Gini scores resulted in the elimination of the predictor variables with 
the six lowest scores. The most parsimonious model that most efficiently predicted Asian Carp 
had a total Asian Carp error of 6.30% (Figure 2.5). The reduced model had a 2.06% Asian Carp 
class error rate and only a 4.25% false positive rate (Table 2.3).  Of the 486 genetically identified 
Asian Carp eggs used for the analysis, two were falsely predicted as Channel Shiner (Notropis 
wickliffi), seven predicted as Emerald Shiner, and one was predicted as a River Shiner (Notropis 
blennius; Appendix 7). False positive predictions were distributed across nine species, but half of 
all 36 false positive Asian Carp predictions were genetically Silver Chub (Macrhybopsis 
storeriana; Appendix 7). The reduction in predictor variables from 17 to 11 variables had 
minimal effect on the model’s predictive ability of Asian Carp compared to the full species 
model. The largest change was a 3% decrease in the reduced model’s specificity compared to the 
full species model (Table 2.2). 
Discussion 
To my knowledge, this is the first study that has used morphometric properties of 
genetically identified fish eggs in random forests classification models to predict the species 
identity of eggs of unknown parentage. Although a desirable goal, using morphometric data to 
visually identify eggs is difficult and often error prone due to lack of information (Richards 
22 
 
1985). Furthermore, morphological changes from ethanol preservation techniques render 
descriptions of live specimens inadequate. However, results demonstrate that a combination of 
morphometric measurements from genetically identified ethanol preserved eggs in a random 
forests classification model is a good alternative for egg identification. Although random forests 
applications in ecological studies are limited (but see Cutler et al. 2007, Evans et al. 2011) it 
performed very well in this study. Using a small subset of genetically identified eggs, I was able 
to build a classification model that can be used to predict eggs to species with an emphasis on 
identifying Asian Carp (Bighead, Grass and Silver carps combined). This approach allows for 
any number of eggs to be identified to species, genus or family level using only the 
morphological predictor variables described.  
The ability of random forest models to predict species identity of eggs depended upon the 
taxonomic level evaluated.  In general, all three levels performed well. However, the lowest out-
of-box error rate was achieved with the family level model and increased at each subsequent 
taxonomic level. Unfortunately, the family model did not allow for Asian Carp to be 
distinguished from other members of the Cyprinidae family. The genus and species level models 
did allow for separation of Asian Carp from other taxonomic groups, but the out-of-box error 
estimates increased at each subsequent taxonomic level. This is likely due to the addition of more 
classification groups and smaller sample sizes per group at the genus and species levels (Chawla 
et al. 2002). Additionally, few eggs of some genus and species were genetically identified, 
resulting in imbalanced data that is difficult for random forests to correctly predict (Rodriguez-
Galino et al. 2012, Brown et al. 2014). Additional samples to increase observations of taxa 
commonly misclassified as Asian Carp with few measured specimens (i.e. Banded Darter, 
Bigmouth Buffalo, Fathead Minnow, and Goldeye) would further refine the variation with the 
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taxa and could reduce predicting error. Furthermore, the number of species aggregated into each 
family and genus group varied with some family groups, such as Cyprinidae containing 14 
species, whereas Scienidae only contained a single species. Natural variation between species 
within Cyprinidae added additional variation for each predictor of Cyprinidae which likely 
resulted in a few misclassifications with Asian Carp. However, aggregating species may not be 
the best approach if the natural variation of species within an aggregated taxonomic group is so 
great that it encompasses the range for most species. In these cases, additional morphological 
characteristics will need to be explored to distinguish target species from non-target species. 
Asian Carp have a very large egg membrane diameter that help distinguish them from 
eggs of most native species (Yi et al. 2006, George and Chapman 2013, 2015), but are similar in 
size to one another and cannot be used to distinguish Asian Carp from each other. Asian Carp 
eggs evaluated here had smaller membrane diameters than live specimens in the Yangtze River 
(Yi et al. 2006) and lower Missouri River (George and Chapman 2013, 2015) and only slightly 
smaller than Silver Carp eggs collected in the Wabash River, IN, USA (Lenaerts et al. 2015). 
The differences in egg sizes between live and ethanol preserved eggs may be attributed to the 
desiccating properties of ethanol (Kelso and Rutherford 1996). However, Silver Carp egg sizes 
were generally smaller and varied greatly in diameter compared to Grass and Bighead carps, 
similar to variation among species observed in their native range (Yi et al. 2006). Additionally, 
variation in egg sizes of live specimens may be attributed to compounding factors of maternal 
effects (i.e., larger females produce larger eggs; George and Chapman 2013), water temperature 
(i.e., warmer water temperature yields larger eggs; George and Chapman 2013, 2015), and water 
chemistry (i.e., eggs absorb more water and become larger in soft water; Rach et al. 2010). These 
differences may also contribute to variation in sizes of ethanol preserved eggs since eggs were 
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collected from multiple watersheds and throughout each year where biotic and abiotic factors 
may be different. Even though average sizes may be different, the wide range of size variation in 
all three Asian Carp make differentiating between species based on membrane size alone 
difficult and ineffective. Although some morphological differences between Asian Carp species 
exist during a few stages of developmental (Yi et al. 2006), these do not persist through all 
stages.  
I used a variable importance measure within random forests to determine that a multitude 
of morphometric characteristics were needed to identify Asian Carp eggs from other Upper 
Mississippi River species. Contrary to Larson et al. (2016), egg membrane diameter was the 
most important variable for identifying ethanol preserved Asian Carp eggs. However, in contrast 
to live specimens detailed in George and Chapman (2013), additional variables were needed to 
identify ethanol preserved Asian Carp egg with high accuracy. Furthermore, Asian Carp were 
similar to Goldeye, Silver Chub, and Fathead Minnow in membrane diameter. Literature 
descriptions of eggs from Silver Chub are scarce, making comparisons to other studies difficult. 
However, descriptions for unpreserved Fathead Minnow egg diameter were three times smaller 
than specimens in this study (Auer 1982). Additional morphological characteristics, such as the 
presence of an oil globule, may have helped distinguish Goldeye from Asian Carp eggs (Deters 
et al. 2013). Unfortunately, Goldeye eggs were classified as diffuse embryos with no 
distinguishable characteristics within the egg membrane, including oil globules.  
The random forests model was successful at identifying Asian Carp eggs from other 
Upper Mississippi River Basin species at the family, genus, and species taxonomic levels. 
However, it was not as successful at predicting each Asian Carp species from the others. Due to 
potential differences in egg morphology from species not captured in this study, model validation 
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and refinement will be necessary in areas with different species communities from the Upper 
Mississippi River Basin.  Morphological measurements for new species will need to be evaluated 
to determine if the model can correctly predict Asian Carp eggs from species not included in the 
current model. It may also be beneficial to add more specimens to taxonomic groups with few 
observations that the model misclassified as Asian Carp, such as Fathead Minnow and Silver 
Chub. Only a few individuals with a wide variation in sizes of these species were included in the 
model, likely resulting in unrepresentative identification metrics. Additional measurements from 
other species with few observations may help increase the ability to predict non-Asian Carp 
species, resulting in increased specificity and decreased out of box model error. Exploration of 
new variables, such as the presence of oil globules, may help distinguish Goldeye (Auer 1982, 
Deters et al.2013).  Even with a small amount of error, the process of creating random forests 
models using a handful of easily obtained egg morphological metrics to identify Asian Carp eggs 
can increase the amount of identifiable eggs when genetic techniques fail such as the case in my 
study when only 60% to 70% were successfully genotyped. Additionally, the models could be 
used as a pre-screening method to reduce the number of eggs submitted for genetic analysis or 
used as a standalone procedure. Whichever need is appropriate, random forests classification is a 
worthwhile technique to identify Asian Carp eggs in the Upper Mississippi River where similar 
species inhabit.  
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Table 2.1. Number (N) of eggs of genetically identified to the lowest taxonomic level used in the random forests analysis and 
summary statistics for predictor variables.  Averages (±1 SE) for meristic predictor variables measured for each egg include 
membrane diameter, embryo diameter, and perivitteline space index. Percent composition of morphological predictor variables 
include membrane deflation, debris adhesion to the egg membrane, presence of a compact embryo, a presence of pigment on the 
embryo.  Minimum and maximum values for predictor variables measured in the field during egg collection include Julian date and 
water temperature. Asterisks represent measurements with insufficient data for computation. 
Species  N 
Membrane 
Diameter 
Average 
(mm) 
Embryo 
Diameter 
Average 
(mm) 
Perivitteline 
Space Index 
Average 
(mm) 
Deflated 
Membrane 
Debris 
Adhered to 
Membrane 
Compact 
Embryo 
Pigmented 
Embryo 
Julian 
Date  
Water 
Temperature 
(°C) 
Banded Darter 
1 1.999* 1.341* 0.329* 100% 0% 100% 74% 148 24.3 
(Etheostoma zonale) 
Bighead Carp 
13 
3.428 
(0.151) 
2.061 
(0.178) 
0.385 (0.056) 93% 15% 77% 0% 147 - 181 20.7 - 26.3 (Hypophthalmichthys 
nobilis) 
Bigmouth Buffalo 
7 
1.816 
(0.065) 
1.809 
(0.064) 
0.004 (0.004) 57% 100% 0% 13% 114 - 151 11 - 19.1 
(Ictiobus cyprinellus) 
Black Buffalo 
1 1.737* 1.737* 0* 0% 0% 0% 50% 127 16.3 
(Ictiobus niger) 
Buffalo sp. 
10 
1.807 
(0.044) 
1.802 
(0.048) 
0.004 (0.004) 10% 90% 10% 14% 125 - 127 12.8 - 17 
(Ictiobus sp.) 
Carpsucker sp. 
1 1.626* 1.318* 0.189* 100% 100% 0% 100% 172 24.5 
(Carpiodes sp.) 
Channel Shiner 
32 
1.305 
(0.035) 
0.99 
(0.012) 
0.229 (0.019) 94% 78% 97% 1% 144 - 243 18.4 - 27.8 
(Notropis Wickliffi) 
Common Logperch 
1 1.105* 1.099* 0.005* 0% 0% 100% 0% 127 12.8 
(Percina caprodes) 
Common Shiner 
1 1.239* 0.954* 0.230* 0% 0% 100% 0% 192 24.1 
(Luxilus cornutus) 
Emerald Shiner 
157 
1.628 
(0.032) 
1.002 
(0.013) 
0.354 (0.013) 96% 64% 92% 0% 132 - 236 17.1 - 28.6 (Notropis 
atherinoides) 
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Table 2.1. (continued).         
Species N 
Membrane 
Diameter 
Average 
(mm) 
Embryo 
Diameter 
Average 
(mm) 
Perivitteline 
Space Index 
Average 
(mm) 
Deflated 
Membrane 
Debris 
Adhered to 
Membrane 
Compact 
Embryo 
Pigmented 
Embryo 
Julian 
Date 
Water 
Temperature 
(°C) 
Fathead Minnow 
5 
4.011 
(0.319) 
1.476 
(0.155) 
0.622 (0.050) 60% 20% 100% 0% 131 - 162 20 - 26.2 (Pimephales 
promelas) 
Freshwater Drum 
429 
1.460 
(0.007) 
1.175 
(0.008) 
0.190 (0.005) 13% 2% 81% 0% 131 - 236 16.9 - 28.3 (Aplodinotus 
grunniens) 
Gizzard Shad 
2 
0.733 
(0.005) 
0.615 
(0.113) 
0.160 (0.160 0% 100% 0% 0% 161 24.9 (Dorosoma 
cepedianum) 
Goldeye  
6 
2.713 
(0.225) 
2.336 
(0.119) 
0.120 (0.052) 17% 83% 50% 0% 122 - 141 14.6 - 17.2 
(Hiodon alosoides)  
Grass Carp 
126 
3.472 
(0.059) 
1.605 
(0.037) 
0.522 (0.013) 88% 13% 98% 0% 147 - 181 18.7 - 26.3 (Ctenopharyngodon 
idella) 
Quillback 
1 1.907* 1.907* 0 (0) 100% 100% 0% 0% 116 11  (Carpiodes 
cyprinus)  
River Carpsucker 
8 
1.660 
(0.069) 
1.476 
(0.088) 
0.098 (0.064) 38% 75% 13% 0% 114 - 173 14.1 - 25.3 
(Carpiodes carpio) 
River Shiner 
13 
1.625 
(0.093) 
1.052 
(0.028) 
0.322 (0.047) 100% 77% 100% 0% 132 - 232 17.4 - 27.8 
(Notropis blennius) 
Sand Shiner 
1 0.997* 0.997* 0* 100% 100% 0% 0% 123 16.9 (Notropis 
stramineus) 
Shiner sp. 
33 
1.335 
(0.057) 
0.983 
(0.018) 
0.234 (0.025) 100% 88% 85% 0% 143 - 236 18.3 - 27.5 
(Notropis sp.) 
Silver Carp 
347 
2.835 
(0.043) 
1.694 
(0.026) 
0.359 (0.012) 87% 37% 83% 0% 132 - 222 17.8 - 26.5 (Hypophthalmichthys 
molitrix) 
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Table 2.1. (continued).         
Species N 
Membrane 
Diameter 
Average 
(mm) 
Embryo 
Diameter 
Average 
(mm) 
Perivitteline 
Space Index 
Average 
(mm) 
Deflated 
Membrane 
Debris 
Adhered to 
Membrane 
Compact 
Embryo 
Pigmented 
Embryo 
Julian 
Date 
Water 
Temperature 
(°C) 
Silver Chub 
36 
2.968 
(0.133) 
1.313 
(0.053) 
0.526 (0.029) 94% 53% 94% 0% 131 - 236 17.1 - 28.6 (Macrhybopsis 
storeriana) 
Skipjack Shad 
1 1.867* 0.965* 0.483* 0% 0% 100% 0% 163 22.3 
(Alosa chrysochloris) 
Smallmouth Buffalo 
2 
1.914 
(0.024) 
1.914 
(0.024) 
0* 0% 100% 0% 0% 125 - 127 14.6 - 16.3 
(Ictiobus bubalus) 
Speckled Chub 
15 
2.102 
(0.105) 
1.042 
(0.052) 
0.495 (0.025) 100% 47% 100% 0% 144 - 232 18.4 - 26.7 (Macrhybopsis 
aestivalis) 
Spotfin Shiner 
6 
1.329 
(0.038) 
1.188 
(0.053) 
0.105 (0.036) 0% 67% 67% 0% 155 - 210 23.1 - 26.2 (Cyprinella 
spiloptera) 
Temperate Basses 
17 
1.8593 
(0.143) 
1.072 
(0.042) 
0.363 (0.055) 74% 71% 94% 0% 146 - 164 22.7 - 24.7 
(Morone sp.) 
Walleye 
2 
1.766 
(0.136) 
1.617 
(0.089) 
0.082 (0.020) 0% 50% 100% 0% 113 - 127 12.7 - 15.2 
(Sander vitreus)  
White Bass 
1 1.333* 0.952* 0.286* 50% 100% 100% 0% 164 22.7 
(Morone chrysops) 
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Table 2.2. Out-of-box (OOB) error estimation, number of classes in each model, and class success, prevalence, precision, false 
positive rate and specificity measurements for classes associated with Bighead, Silver, and Grass carps within each model. Model 
names contained AC indicate models with Bighead, Silver, and Grass carps combined into a single Asian Carp class. Class success is 
a measurement of correct model predictions of genetic identifications. Prevalence is the percentage of genetically identified eggs in a 
class. Precision is a measurement of how often predictions are correct when the model predicts a class. False positive rate is a 
measurement of incorrectly predicted genetic identifications within a class. Specificity is a measurement of how well does the model 
correctly identify other classes.   
Model 
Model 
OOB 
Error 
Model 
Classes 
Class 
Class 
Success 
Prevalence Precision 
False Positive 
Rate 
Specificity 
Family 4% 7 Cyprinidae 99% 62% 96% 7% 92% 
                  
Genus 14% 17 Ctenopharyngodon 68% 10% 72% 3% 88% 
  Hypophthalmichthys 88% 28% 83% 7% 85% 
                  
Species 21% 29 Bighead Carp 8% 1% 50% 0% 80% 
  Grass Carp 73% 10% 71% 3% 80% 
  Silver Carp 88% 27% 82% 7% 76% 
                  
AC - Family 7% 8 AC 97% 38% 94% 4% 89% 
                  
AC - Genus 8% 16 AC 97% 38% 93% 4% 88% 
                  
AC - Species 14% 27 AC 97% 38% 93% 5% 79% 
                  
Reduced    
AC - Species   
15% 27 AC 98% 38% 93% 5% 76% 
35 
 
Table 2.3. Out-of-box error (OOB), Asian Carp (AC) class error, AC false positive error, total 
AC error results from the forward step-wise variable reduction analysis. The reduced model 
contained all variables marked with an asterisk.  
 
Variable Added to Model 
OOB 
Error 
AC Class 
Error 
AC False 
Positive 
Error 
Total AC 
Error 
Membrane Average* 47.29% 24.49% 13.92% 38.40% 
Embryo Average* 30.20% 9.05% 8.61% 17.66% 
Deflated Membrane* 21.96% 4.32% 8.49% 12.81% 
Membrane Standard Deviation* 22.82% 5.35% 7.55% 12.90% 
Water Temperature* 19.92% 4.12% 6.13% 10.25% 
Pigment Presence* 18.43% 3.50% 6.60% 10.10% 
Julian Date* 14.90% 2.67% 4.72% 7.39% 
Perivitteline Space Index* 15.84% 3.09% 4.95% 8.04% 
Membrane Coefficient of Variation* 16.55% 3.29% 4.36% 7.66% 
Conductivity* 15.53% 2.47% 4.01% 6.48% 
Embryo Standard Deviation* 15.37% 2.06% 4.25% 6.30% 
Embryo Coefficient of Variation 16.39% 2.47% 4.36% 6.83% 
Debris Adhesion to Membrane 15.14% 2.26% 4.72% 6.98% 
Egg Stage 14.90% 2.26% 4.83% 7.10% 
Month 15.06% 2.26% 5.42% 7.69% 
Late Stage Embryo Midline Length 14.27% 2.88% 4.60% 7.48% 
Compact Embryo 14.12% 2.47% 4.48% 6.95% 
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Figure 2.1. Approximate sampling sites, fish passable lowhead dams, fish barrier reservoir dams, 
and lock and dams locations in the Des Moines, Skunk, Iowa, Cedar and Upper Mississippi 
rivers across southeastern Iowa. 
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Figure 2.2. Fish eggs depicting examples of the predictor variables used in the random forests 
model. An egg with pigment on a compact embryo (A). An egg with a deflated outer membrane 
and a compact embryo (B). Egg with debris sticking to the outer membrane (C). Egg with a 
diffuse embryo (D). 
 
A 
D C 
B 
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Figure 2.3. Diameter measurement placement for outer membrane (A), embryo (B), and midline 
(C) measurements on all later stage embryos.
A B 
C 
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Figure 2.4. Membrane diameter (top panel) and embryo diameter (bottom panel) of genetically 
identified eggs used to create random forests models.  Boxplots show median values (solid black 
line), 50th percentile values (box outline), 90th percentile values (vertical line endpoints), and 
outlier values (black circles).
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Figure 2.5. Total Asian Carp error for each random forests model analyzed in the variable reduction analysis. Predictor variables were 
added in a step-forward process to each subsequent model based on mean decrease Gini scores from the full AC-species level random 
forests model. Predictor variables were ranked based on classification importance to identify all species with the highest mean 
decrease value being the most important. 
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CHAPTER 3.  ASIAN CARP REPRODUCTION IN TRIBUTARIES OF THE UPPER 
MISSISSIPPI RIVER 
 
Abstract 
Invasive Bighead Carp (Hypophthalmichthys nobilis), Silver Carp (H. molotrix), and 
Grass Carp (Ctenopharyngodon idella; collectively referred to as Asian Carp) are expanding 
throughout the Upper Mississippi River Basin and are of great concern due to their potential 
ecological impacts. Impounded sections on the Upper Mississippi River associated with lock and 
dams may be poor habitats for reproduction and recruitment due to their lentic flow 
characteristics and perceived lack of adequate spawning habitat. However, tributaries connected 
to the impounded sections possess several requirements needed for successful spawning and 
observations of adults are becoming more prevalent. Unfortunately, little is known regarding the 
reproductive status of Asian Carp populations in these tributary systems. My objectives were to 
examine temporal spawning patterns using adult gonadosomatic index, gonad development, and 
back-calculated spawn dates from eggs and larvae, evaluate back-calculated egg and larvae 
spawn dates with environmental variables to determine potential spawning cues, compare egg 
and larval densities in upriver and downriver tributary sections, and to compare densities within 
tributary confluences to determine if tributary densities are higher than densities in the mainstem 
Upper Mississippi River. Adult gonadosomatic index and gonad development indicated the 
majority of spawning occurred in late May through June. Back calculated spawn dates from eggs 
and larvae suggest that peak spawning occurs during late May and June, coinciding with a 
substantial decrease in adult GSI and increase in post spawn females; however, spawning 
occured as late as August in tributaries. Back-calculated egg and larval spawn dates were within 
the spawning optimum when water temperatures were 18 to 30 °C and channel velocities were 
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0.7 m/s or higher. Spawning occurred on rising and falling limbs of the hydrograph at 24 and 48 
h intervals, indicating a rising hydrograph was not necessary for spawning. Densities of eggs and 
larvae were higher in downriver section compared to the upriver section within each tributary 
during both years. Densities among tributaries were similar in 2014 and but were significantly 
higher in the Des Moines River than the Iowa and Skunk rivers during 2015. Densities among 
the three confluence sites were similar for the Iowa and Skunk during each year. However, 
densities among sites associated with the Des Moines River confluence were higher in the 
mainstem Upper Mississippi River in 2014 and higher in the tributary site near the mouth in 
2015. Collectively, this study documents the first observations of Asian Carp spawning in Upper 
Mississippi River tributaries in Iowa. Asian Carp reproduction in the Upper Mississippi River 
tributaries and subsequent establishment could provide sources of recruitment for the impounded 
sections of the Upper Mississippi River and other areas of poor reproduction to further expand 
their distribution.  
Introduction 
Ecological communities worldwide are becoming more uniform through the introduction 
and subsequent establishment of non-native species (Rahel 2002). At least 83 non-native fishes 
have become established in the Upper Mississippi River Basin (UMRB) as a result of dispersal 
from other basins or by direct introduction from anthropogenic activities (Rasmussen 2002). 
Silver Carp (Hypophthalmichthys molotrix), Bighead Carp (H. nobilis) and Grass Carp 
(Ctenopharyngodon idella; collectively referred to as Asian Carp) were imported during the 
1970s into the United States for human consumption and biological control in aquaculture 
facilities. Population abundance has increased exponentially since accidental introduction shortly 
after importation (Freeze and Henderson 1982, Irons et al. 2009). Due to their high reproductive 
capabilities (Kolar et al. 2007) and long distance migrations (DeGrandchamp et al. 2008), these 
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fish can rapidly expand their distribution and quickly establish abundant populations from a few 
adult individuals (Crawley et al. 1986). 
Initially only observed in the lower unimpounded Mississippi River, Asian Carp have 
quickly dispersed throughout the Mississippi, Missouri, Ohio, and Illinois river basins and now 
inhabit more than 20 states (Kolar et al. 2007). By the mid-1980s, Asian Carp were captured in 
the impounded sections of the Upper Mississippi River. The first observations of Asian Carp in 
Iowa occurred in 1986 when Silver Carp were captured below lock and dam 19 (LD19) near 
Keokuk, IA (Irons et al. 2009). A year later, Bighead Carp were captured near the mouth of 
Yellow Springs Creek north of Burlington, IA (Irons et al. 2009). Since the initial observations in 
Iowa, Asian Carp adults have been observed in several Upper Mississippi River tributaries in 
Iowa, including the Des Moines, Skunk, Iowa, and Cedar rivers (Bruce 1990, United Press 
International 2011, Irons 2012) and population abundances have increased over the last decade 
(Chick and Pegg 2001).  
Despite increases in adult abundance, the impounded sections of the Upper Mississippi 
River are hypothesized to be unsuitable for Asian Carp reproduction (Lohmeyer and Garvey 
2009). In their native range, Asian Carp require a combination of hydrological and thermal 
triggers to initiate spawning during late spring and early summer (Kolar et al. 2007). In the 
Yangtze River, adults use specific spawning grounds near areas of turbulent water during periods 
of rising discharge when water temperatures are between 18 to 30 °C (Kolar et al. 2007). Asian 
Carp are pelagophilic spawners that reproduce in open water and broadcast semi-buoyant eggs 
into the drift (Teletcha et al. 2009). For successful embryonic development and hatching, eggs 
must remain suspended for 24 to 48 h before larvae hatch requiring 15 to 80 km of uninterrupted 
river flow (Krykhtin and Gorbach 1981, Murphy and Jackson 2013, Garcia et al. 2015). Eggs 
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experience higher mortality rates if they settle from the drift and remain on the substrate 
compared to eggs that remain in suspension (George et al. 2015). Most areas of the Upper 
Mississippi River are poorly suited for egg survival because of insufficient river lengths between 
dams with sustained velocities of 0.7 m/s and turbulence to keep eggs in suspension until 
hatching (Lohmeyer and Garvey 2009, Koscovsky et al. 2012). Segments between lock and dams 
on the Upper Mississippi River range from 15 to 75 rkm, but water regulation creates impounded 
areas immediately upstream of each dam that limit the distance of flowing water. Impounded 
segments associated with dams exhibit reservoir-like characteristics that are more lentic in nature 
and lack sufficient water velocity to trigger spawning behavior or maintain eggs in suspension, 
resulting in higher egg mortality (George et al. 2015). Furthermore, water regulation at each dam 
alters flow regimes by reducing or eliminating the amount of water discharged below each dam 
resulting in a reduction of water velocity, magnitude, and timing of discharge peaks (Sparks 
1995). Combined, pooled impoundments and erratic and diminished discharge events in the 
Upper Mississippi River may hinder reproduction and subsequent establishment (King et al. 
2004, DeGrandchamp et al. 2007, Lohmeyer and Garvey 2009). 
Although pooled sections of the Upper Mississippi River may not be suitable for Asian 
Carp reproduction, large tributaries connected to the impounded sections of the Upper 
Mississippi River may provide the necessary spawning requirements. Tributaries are known to 
be associated with spawning activity in their native range in the Yangtze River (Yi et al. 1988) 
and in varying capacities in the Missouri River (Schrank et al. 2001, Deters et al. 2012) and 
Middle Mississippi River (DeGrandchamp et al. 2007, Lohmeyer and Garvery 2009). In their 
native range, Asian Carp only reproduce at a few locations in the mainstem Yangtze River, 
including mixing waters of large tributary confluences (Yi et al. 1988). In the U.S., Asian Carp 
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eggs and larvae have been documented at large tributary confluences similar to their native 
range, but also at varying distances within large (Illinois River; DeGrandchamp et al. 2007) and 
small tributaries (Cache and Wabash rivers; Burr et al. 1996, Coulter et al. 2013).  
To understand the further expansion and success of Asian Carp establishment, it is 
essential to evaluate tributary reproduction of the impounded Upper Mississippi River. My 
objectives were to examine spatial and temporal variation of Asian Carp reproduction in the 
Upper Mississippi River and Des Moines, Skunk, and Iowa rivers in southeast Iowa. First, I 
examined the phenology of adult Asian Carp gonad development and back-calculated spawn 
dates from eggs and larvae. Second, egg and larval densities in upriver tributary sections were 
compared to downriver sections near the confluence to determine longitudinal utilization of 
tributaries for reproduction. Finally, egg and larval densities within tributary confluences were 
evaluated to determine if densities within tributaries were higher than mainstem Upper 
Mississippi River sites upstream and downstream of the tributary confluence. I hypothesized that 
Asian Carp eggs and larvae would be more abundant in the downriver sections of tributaries 
closest to the Mississippi River and would peak during increases in river discharge when water 
temperatures exceeded 18 °C and channel velocities were greater than or equal to 0.7 m/s. My 
results address the potential of Upper Mississippi River tributaries for Asian Carp reproduction 
and subsequent establishment, which could provide sources of recruitment for impounded 
segments of the Upper Mississippi River and other areas of poor reproduction, further expanding 
their distribution and increases in abundance.  
Methods 
Study Area - The Upper Mississippi River is a large catchment starting at its headwaters 
in Lake Itasca, Minnesota and travels 2,320 rkm to its southern most point at the confluence with 
the Ohio River near Cairo, Illinois. In 1905 and 1935, U.S. Congress approved legislation to 
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manipulate the Upper Mississippi River for commercial navigation and flood control by 
constructing a series of dams, levees, wing dikes, and other river controlling structures (Garvey 
et al. 2010). A series of lock and dams regulate river flow and continual modification to the 
substrate to sustain a 2.7 m deep navigable channel form a series of slow moving impoundments 
that are more lentic than the historical natural lotic flow regime (Garvey et al. 2003). During low 
river discharge, water is blocked to maintain the navigable river channel in the impounded area 
above dams.  Similarly anthropogenic alterations, such as dams, occur within the three 
southernmost major tributaries (Des Moines, Skunk and Iowa rivers) of the Upper Mississippi 
River in Iowa (Figure 3.1). Starting in either southern Minnesota or central Iowa, these 
tributaries parallel each other draining a substantial portion of northcentral to southeastern Iowa. 
Catchment areas range between 11,222 km2 for the Skunk River to 37,296 km2 for the Des 
Moines River. The Iowa River is unique among the three tributaries because it gets a substantial 
amount of water contribution from a single tributary. The Cedar River intersects the Iowa River 
at rkm 46 and encompasses 20,279 km2 or approximately 62% of the Iowa River watershed. 
Similar to the Upper Mississippi River, the Iowa, Skunk, and Des Moines rivers have an array of 
wing dikes, levees, and dams and have been channelized to regulate river flow. Dams in 
particular have been under scrutiny for limiting natural fish movement (Southall and Hubert 
1984, Pierce et al. 2013, Parks et al. 2014) and may be limiting Asian Carp movement in some 
instances. Several dams of various sizes exist on these rivers and may be permanent or semi-
permanent fish barriers depending on river discharge. Furthermore, each dam disrupts river 
continuity affecting species such as Asian Carp that require long stretches of connected habitat 
for one or more life stages. However, continuous free flowing stream reaches of more than 60 
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rkm are common in the Des Moines, Skunk, and Iowa rivers and each river has a substantial 
spring flood pulse similar to other tributaries where Asian Carp reproduction has been observed. 
Ichthyoplankton sampling - Ichthyoplankton sampling occurred every 10 d (per session) 
from end of April through end of September during 2014 and 2015 at 19 sampling sites 
throughout the Des Moines, Iowa, Skunk, and Upper Mississippi rivers (Figure 3.1). Additional 
ichthyoplankton samples were taken approximately 3 km upstream and downstream of the 
mixing waters of tributary confluences and within the tributary (Figure 3.2). Sampling was not 
conducted at any site from June 21st to July 20th 2014 due to extreme flooding that precluded safe 
boating. Ichthyoplankton tows (0.5 m diameter net with 500 μm mesh) were conducted at a 
constant boat speed relative to the shoreline near the surface for up to four minutes depending on 
debris load. A General Oceanics Model (2030R) flowmeter was mounted in the mouth of the net 
to estimate volume (m3) of water filtered during each tow. Three tows were conducted at each 
site parallel to river flow: the first tow was in the main thalweg for drifting eggs and larvae, the 
second tow occurred near channel borders where water velocity was moving downstream slower 
than the thalweg, and the third was in an adjacent backwater area for mobile larvae. After each 
tow, ichthyoplankton net contents were rinsed toward the cod end, placed in bottles, and 
preserved in 95% ethanol.  
In the laboratory, eggs and larvae from each tow were separated from debris by at least 
two individuals on separate occasions, or until no eggs or larvae were found, and stored in 20 mL 
glass scintillation vials with 95% ethanol. All larval fishes, except Asian Carp, were identified to 
family based on characteristics described in Auer (1982) and enumerated. Silver Carp and 
Bighead Carp larvae are difficult to distinguish among species and were identified to genus using 
meristic and morphometric characteristic while Grass Carp were identified to species (Tweb et 
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al. 1990, Chapman 2006, Chapman and George 2011, George and Chapman 2015). Larvae 
consisted of all developmental stages up to the development of scales (squamation).  
 A subset of eggs from each ichthyoplankton tow were identified using genetic analysis. 
Eggs were subsampled using a random sample stratified by year and tow. All eggs from tows 
with <9 eggs and 7% of eggs from tows containing >10 eggs were subsampled in 2014 whereas 
all eggs from tows containing <5 and 8% of eggs from all tows with >6 eggs in 2015 were 
subsampled. For tows that required subsampling, eggs were poured into numbered grid petri 
dish, filled with 95% ethanol, and jostled in all directions until eggs distributed throughout the 
petri dish. Eggs within the numbered grid of the petri dish corresponding to a random number 
table using the petri dish grid numbers were selected for subsampling. DNA was extracted from 
subsampled eggs using the Gentra Puregene Tissue Kit (Qiagen, Germantown, MD) or Promega 
Wizard® Genomic DNA Purification kit (Promega Corp., Madison, WI) according to the 
manufacturer’s suggested protocol and stored at -20 °C. Polymerase chain reaction (PCR) was 
used to amplify portions of the mitochondrial genome corresponding to the cytochrome b gene 
using primers developed by Song et al. (1998) or cytochrome oxidase subunit I (COI) using 
primers developed Ivanova et al. (2007). Successfully amplified PCR products were sequenced 
and manually edited in Geneious (http://www.geneious.com, Kearse et al. 2012) and compared 
to DNA sequences of known Asian Carp species for positive identification. Non-Asian Carp 
sequences were identified to species by comparing them to available data bases of DNA 
sequences (e.g., GenBank) or with the NCBI nr database and Megablast search algorithm 
(Altschul et al. 1997 as implemented in Geneious v8.1.7).  A small subsample of 48 larvae from 
2014 and 21 larvae from 2015 visually identified as either Grass Carp or Hypophthalmichthys 
were genetically analyzed using the same procedure to confirm visual identifications.  
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Egg and larval development (Chapman and George 2011, George and Chapman 2015) 
and water temperature at the time of collection was used to determine time (h) since fertilization 
for each egg and larvae according to the cumulative thermal units (CTU) equations provided by 
George and Chapman (2013, 2015). Spawning date and time of eggs and larvae were assumed to 
be the when adults were spawning and were calculated as  
𝑆𝑝𝑎𝑤𝑛𝑖𝑛𝑔 𝑑𝑎𝑡𝑒 = 𝑇𝐹𝑖 − 𝑇𝐶𝑖 
where TFi = time since fertilization of egg or larval i and TCi = time and date of capture of egg 
or larval i (Deters et al. 2012). Densities of eggs and larvae were calculated as the number per 
100 m3 of water sampled for each tow by spawning date. Egg densities were extrapolated from 
genetic results as  
𝐸𝑔𝑔 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑆𝑃𝑖
∑ 𝑆𝑃
∗ 𝑇
𝑊
∗ 100 
where SPi = the frequency of eggs genetically identified as species i, SP = the frequency of eggs 
from all species genetically identified, T = total number of eggs caught, and W = the volume of 
water sampled. Larval densities were calculated as 
𝐿𝑎𝑟𝑣𝑎𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝐿𝑖
𝑊
∗ 100 
where Li = the frequency of larvae visually identified as species i, and W = the volume of water 
sampled. 
Adult sampling – Adult sampling was conducted once a month from April through 
October in 2014 and 2015 at 9 sites in the Des Moines, Skunk, Iowa, Cedar, and Mississippi 
rivers (Figure 3.1). At each site, three 15 min. transects targeting channel border and backwater 
habitats were conducted using daytime electrofishing (DC, amps 4-13, voltage 100-500). When 
river conditions allowed, a trammel net (100 m long, 10 cm bar mesh) was deployed to block the 
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main escape route from the area. Each transect consisted of electrofishing and a single trammel 
net when possible. 
 Adult Asian Carp were visually identified to species (Bighead, Grass, Silver, or Bighead 
x Silver hybrids) measured (mm) and weighed (g). Hybrids were visually identified by 
inspecting the gills rakers for prominent “twisting” deformations (Lamer et al. 2010). Each fish 
was identified as male or female upon visual inspection of the gonads and gonads from 100 
females of each species per site during each month were removed and weighed (g) to calculate 
gonadosomatic index (GSI; Crim and Glebe 1990) as 
𝐺𝑆𝐼 = 100 ∗  
𝐺𝑊𝑖
𝐵𝑊𝑖
 
where GW = the gonad weight of fish i and BW = the body weight of fish i. Gonads were then 
classified based on developmental stage (Appendix 8). Developmental stages of both genders 
progressed from immature to post spawn. Stage 1 consisted of fish with no visible gonads, stage 
2 consisted of fish with gonads that were thread-like in size, stage 3 consisted of females with 
small ovaries and small oocytes visible and males with small testes without folds, stage 4 
consisted of females with large ovaries full of mature greenish olive colored oocytes and males 
with large testes with folds, stage 5 females and males would release gametes upon light pressure 
on the abdomen, and stage 6 males did not release gametes with light pressure to the abdomen 
and had testes that were folded and substantially smaller on the posterior and anterior ends (West 
1990, Bruch et al. 2001, Colombo et al. 2007). Stage 6 females were further classified as 
partially spent, fully spent, or in reabsorption (West 1990). Partially spent females had ovaries 
with some mature oocytes whereas fully spent females had ovaries with few (<50) to no oocytes: 
in both instances, ovaries were whitish in color and slightly opaque (West 1990). Females 
classified in a stage of resorption had ovaries that were brownish-red in color, gelatinous in 
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texture, and had various amounts of oocyte material that were deteriorated and indistinguishable 
(Hunter and Macewicz 1985). Resorption, or atresia, usually occurs at the end of the 
reproductive cycle or when a female is subjected to high stress levels associated with 
unfavorable conditions (Lubzens et al. 2010). All gonad stages were quantified as the proportion 
of individuals captured each month. All stage 6 females were considered post-spawn and 
aggregated to determine the proportion of post-spawn females caught in each month.  
Environmental variables – Water temperature was measured with an ExtStick II 
Conductivity Meter (Extech Instruments Corporation, Nashua, NH) in the thalweg near the 
surface at each site and date. Temperature data was not available for every day of the year. 
Linear regression using field collected water temperature from each site and mean daily water 
temperature from the nearest United States Geological Survey (USGS) gaging station within 
each river was used to predict mean daily water temperature at each site (Table 3.1). Mean daily 
temperature data from the Iowa River gaging station was used to model the Skunk River because 
a gage station with temperature data was not available for the Skunk River.  
Mean daily discharge for 2014 and 2015 was collected from the nearest USGS river gage 
station to each sampling site. Hydrologic trends 24 and 48 h prior to each spawning date was 
calculated as the difference in mean daily discharge. However, differences in river depth and 
width at each site varied greatly, rendering meaningful comparisons from discharge data 
difficult. Furthermore, specific velocity requirement of 0.7 m/s for Asian Carp spawning has 
been proposed (Abdusamadov 1987, Koscovsky et al. 2012), whereas discharge requirements 
have been generalized to periods of an increasing trend (Kolar et al. 2007). Thus, discharge data 
from each sampling site was converted to mean daily channel velocity to provide a relative unit 
for which all sites could be compared. Sufficient field measurements taken during the study 
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period were few and did not represent the true relationship between discharge and channel 
velocity (m/s). Therefore, dates from January 1, 2000 to June 30, 2016 were obtained for the 
nearest USGS gaging stations to each sampling site. Channel velocities were not available for 
every day, so a log-log linear regression of available channel velocity and discharge data were 
used to estimate mean daily channel velocity for 2014 and 2015 (Table 3.2).  
Spawn timing analysis – Differences in female GSI, female gonad classification, and 
back calculated egg and larval spawn dates were compared between upriver and downriver 
sections during 2014 and 2015.  At the Des Moines, Skunk and Iowa river confluences, the 
tributary site (DSM-MTH, SKK-MTH, and IAR-MTH; Figure 3.1) and the mainstem Mississippi 
River site downstream of the confluence were combined into a single aggregated downriver 
section for each tributary. The mainstem Mississippi River site upstream of the confluence was 
not included because it did not receive eggs or larvae from the tributary. All sites within a 
tributary upstream of the confluence (three sites on the Des Moines River, three sites on the 
Skunk River, and four sites on the Iowa River including a single site in the Cedar River) were 
combined into a single aggregated upriver section for each tributary. GSI for each year was 
arcsine transformed to meet the assumption of normality and evaluated for differences between 
the upriver and downriver section for each year using an analysis of variance (ANOVA). The 
interaction and main effects for river location (i.e., downriver, upriver), year, and months were 
tested.  Pearson’s correlation was used to determine if female GSI for the upriver and downriver 
sections during each year were related to the proportion of post spawn females.  
Spatial distribution analysis – Spatial distribution of egg and larval densities between 
upriver and downriver tributary sections were analyzed using repeated measures ANOVA. 
Sampling sessions were omitted from analysis when no eggs or larvae were captured at any site. 
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Eggs and larvae were combined and averaged across all habitats from each sampling site within 
the upriver and downriver sections during each sampling session. River section (upriver and 
downriver), tributary (Des Moines, Skunk, or Iowa river), year, and their interactions were 
tested. Sampling sessions at each tributary during each year were included as random effects to 
account for temporal variation at each tributary. A Tukey’s pairwise comparison was used to 
compare density differences when main effects were significant. 
A repeated measures ANOVA was used to compare densities of eggs and larvae 
combined among sites within each tributary confluence with the mainstem Mississippi River. 
Sampling sessions were omitted from analysis when no eggs or larvae were captured at any site. 
Eggs and larvae were combined and averaged across all habitats at each site within a confluence 
in a sampling session. Tributary, sites at a confluence (mainstem upstream, mainstem 
downstream, and within the tributary), year, and their interactions were tested. Sampling sessions 
at each tributary during each year were included as random effects to account for temporal 
variation at each tributary. A Tukey’s pairwise comparison was used to compare density 
differences when main effects were significant. All statistics were analyzed in R (R Core Team 
2015) using with an α = 0.05.  
Results 
A total of 640 female and 551 male Asian Carp were collected in 2014 and 1,224 female, 
1,031 male, and 7 immature fish were collected in 2015 from all sites for reproductive 
assessment. The vast majority of adults captured in 2014 (99%) and 2015 (98%) were from the 
Des Moines River and its confluence with the Mississippi River. Adult Asian Carp were 
captured in the Skunk and Iowa rivers in both years, but total catches during each year were less 
than 24 fish per river. Species composition was highly skewed towards Silver Carp in both 2014 
(90%) and 2015 (90%). No individuals were collected during some months for GSI (Appendix 9) 
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and gonad classification of Bighead (Appendix 10), Grass (Appendix 11), and hybrid carps 
(Appendix 12). Therefore, only Silver Carp in the upriver and downriver sections of the Des 
Moines River were evaluated for GSI and gonad classification (Appendix 13). 
A total of 578 female and 481 male Silver Carp were collected in 2014 and 1,110 female 
and 907 males were collected in 2015 from the Des Moines River and confluence for 
reproductive assessment. GSI levels in 2014 peaked in May at the downriver section and in June 
at the upriver section and peaked in May during 2015 for both sections. There were significant 
differences in mean monthly GSI between the interaction of month, river section, and year (F6, 
1530=13.72, P<0.01). GSI was higher in the upriver section in June 2014 than the downriver 
section (t =10.01, P<0.01) but was similar between the two sections in all months (Figure 3.3). In 
2015, the downriver section was significantly higher than the upriver section in April (t =4.00, 
P<0.01), June (t =4.92, P<0.01) and September (t =5.95, P<0.01; Figure 3.3).  
Gonad development of female Silver Carp in the Des Moines River appeared to exhibit 
different annual patterns based on the proportions of each stage per month by river section. In 
2014, the upriver section was dominated by stage 3 during May (0.90), stage 4 during June 
(0.96), and similar proportions of stage 3 and 4 during April (0.50). Stage 6 dominated July 
(1.00), August (0.89), September (0.80), and October (0.84; Figure 3.4). The downriver section 
was dominated by stages 3 during May (1.00), stage 4 during April (0.94), June (0.58), August 
(0.46), and stage 6 during July (0.92), September (0.92), and October (0.52; Figure 3.4). 
Immature Silver Carp without visible gonads and ripe females releasing eggs were not captured 
in 2014 in either river section and only two stage two females with thread-like ovaries were 
observed in the downriver section. Females with ovaries undergoing atresia or resorption were 
first observed in the upriver section during September (0.02) and in both sections during October 
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(upriver = 0.16, downriver = 0.46; Figure 3.4). In 2015, the upriver section was dominated by 
stage 4 females during April (0.67) and May (0.66) while stage 2 females dominated June (0.71), 
July (0.74), August (0.84), September (0.87) and October (1.00; Figure 3.4). In the downriver 
section in 2015, stage 4 females dominated April (0.85) and May (0.85) while stage 2 females 
dominated July (0.54; Figure 3.4). Females with stage 6 ovaries made up the highest proportions 
of the catch in June (0.69), August (0.67), September (0.60) and October (0.56; Figure 3.4). One 
immature stage 1 Silver Carp was captured in the upriver section during August. Stage 3 females 
were captured in every month and in each river section at low proportions (<0.17; Figure 3.4). 
Ripe stage 6 females releasing eggs were only captured during May (0.23) in the upriver section, 
but were captured in April (0.02), May (0.06), and June (0.01) in the downriver section (Figure 
3.4). Females undergoing atresia or resorption were captured in May (0.02) and June (0.03) in 
the upriver section and May (0.01), June (0.07), and September (0.09) in the downriver section 
(Figure 3.4). 
Post spawn females were first observed during June for both river sections in 2014, and 
during April in the downriver section and May in the upriver section in 2015 (Figure 3.5). The 
peak in proportion of post spawn females was similar within a year between sections but was a 
month earlier in 2015 compared to 2014. Furthermore, the proportion of post spawn females in 
the upriver section during 2015 had the lowest peak out of any section in both years and 
remained low throughout sampling. In general, the proportion of post spawn females from July 
through October in 2015 was less than during the same month in 2014 (Figure 3.5). Proportion of 
post spawn females was negatively related to GSI in the upriver section in 2014 (r =-0.79, t5=-
2.88 P=0.03) and downriver sections in 2014 (r =-0.74, t5=-2.46 P=0.05) and 2015 (r =-0.76, 
t5=-2.58 P=0.05), but not the upriver section in 2015 (r =-0.46, t5=-1.71, P=0.29; Figure 3.6).  
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A total of 10,205 eggs were collected from May 5th to September 26th 2014 and 5,929 
eggs were collected from April 23rd to September 25th 2015. Genetic analysis successfully 
identified 790 of 1,294 (61%) eggs from 2014 and 544 of 767 (71%) eggs from 2015. Eggs were 
identified to 22 different species in 2014 and 21 species in 2015 from 7 families (Appendix 14). 
Asian Carp accounted for 330 genetically identified eggs in 2014 (42%) resulting in densities of 
up to 5,473 eggs/100 m3.  In 2015, Asian Carp accounted for 209 eggs (27%), resulting in 
densities up to 1,516 eggs/100 m3 (Appendix 15).  An additional 43,194 larvae were collected 
from 13 families between May 5th and September 27th 2014 and 30,419 larvae from 11 families 
were collected from April 22nd to September 25th 2015 (Appendix 16). Asian Carp accounted for 
a total of 1,860 larvae in 2014 (4%) with maximum density of 3,251 larvae/100 m3. An 
additional 578 Asian Carp larvae were captured in 2015 (2%) with a maximum of 441 larvae/100 
m3 (Appendix 17).  
Temporal distributions of Asian Carp eggs differed between river sections and years in 
the Des Moines River. No eggs were caught in the upriver section in the Des Moines River 
during 2014. Egg densities were highest for Silver Carp and Grass Carp in 2014 at the downriver 
section during late May (Figure 3.7). Peak egg densities in 2015 were captured in the end of May 
in the upriver and downriver sections in the Des Moines River. In general, the first observation 
of Asian Carp eggs coincided with the peak in egg density for that section in the Des Moines 
River, except during 2015 in the downriver section when Silver Carp eggs were captured 20 d 
prior to the peak in Silver Carp. Bighead Carp eggs were only collected in the upriver section of 
the Des Moines River in 2015, whereas Silver Carp and Grass Carp eggs were collected at the 
upriver section in 2015 and downriver section in both years.  
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Similar to eggs, temporal distributions of larvae differed between river sections and years 
in the Des Moines River. Furthermore, peak larval densities were lower than egg densities. In 
2014, a single larval Grass Carp was caught in the upriver section during the August 30th 
sampling session. Grass Carp and Hypothalmichthys larvae were captured during two 
consecutive sampling sessions (May 26th and June 3rd) in the downriver section and with 
additional Grass Carp larvae captured on June 11th sampling session (Figure 3.8). 
Hypothalmichthys larvae were captured in all three sampling sessions during June 2015 in the 
upriver section, and were captured in all sampling sessions from May 31st to July 30th 2015 in the 
downriver section, except for the July 20th session (Figure 3.8). A single peak in larval Silver 
Carp densities occurred on June 10th session in the upriver section, and two similar peaks 
occurred in the downriver section during the June 29th and July 30th sessions in 2015. Grass Carp 
larvae were captured on the same sampling sessions as Silver Carp except for the last session 
where Silver Carp were captured in both sections. Grass Carp densities peaked on June 24th in 
the upriver section and May 31st in the downriver sections during 2015. Grass Carp larvae 
densities were generally lower than Silver Carp densities for each session when both species 
were captured. 
In the Skunk River, Asian Carp eggs were captured in the upriver section in 2015 and in 
the downriver section in both 2014 and 2015, but were at densities less than 2 eggs/100 m3. No 
Asian Carp eggs were captured in the upriver section in 2014. The downriver section in 2014 had 
a peak density of Grass Carp eggs on June 18th (Figure 3.9). Additional Grass Carp eggs were 
captured on May 26th along with Bighead Carp and Silver Carp eggs (Figure 3.9).  During 2015, 
only Silver Carp were captured in the upriver section of the Skunk River on June 24th and July 
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20th (Figure 3.9). In the downriver section, Silver Carp eggs were only captured on June 24th and 
Grass Carp eggs were only captured on May 20th (Figure 3.9).  
Asian Carp larvae were only captured in the downstream locations of the Skunk River in 
both years despite eggs being caught upstream location in 2015 (Figure 3.10). The highest 
densities of Grass Carp or Silver Carp observed during the study occurred during the peak on 
May 26th 2014 session in the downriver section in the Skunk River. Larvae were also captured 
downstream during two other sessions in 2014, but at substantial lower densities. Grass Carp and 
Hypothalmichthys larvae were captured in 2015 at the downstream location on the May 20th and 
June 24th sessions.  
Asian Carp eggs were captured in the downriver section of the Iowa River during 2014 
and 2015 and in the upriver section during 2015. No Asian Carp eggs were captured in the 
upriver section of the Iowa River during 2014. Silver Carp, Grass Carp and Bighead Carp egg 
densities peaked on the June 18th 2014 sampling session in the downriver section (Figure 3.11). 
Silver Carp eggs were also captured June 11th and Grass Carp eggs were also captured on May 
26th and June 3rd (Figure 3.11).  Bighead Carp eggs were not captured during any other time in 
either section during 2014 or 2015. Silver Carp eggs were caught in the upriver section on the 
May 31st and June 29th sampling sessions and on the July 10th session in the downriver section 
during 2015 (Figure 3.11).  Grass Carp eggs were not captured in the Iowa River during 2015. 
Similarly to eggs, Asian Carp larvae were not captured in the upriver section in the Iowa 
River during 2014 (Figure 3.12). A single Grass Carp larvae was captured in the upriver section 
on the June 10th 2015 session. Hypothalmichthys larvae were captured in the downriver section 
in both years with a peak on the June 18th session in 2014 and single capture date during the May 
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20th session in 2015. Grass Carp larvae were only captured on the June 18th 2014 and had the 
highest density for that sampling session in the downstream location in the Iowa River 
Asian Carp eggs and/or larvae were collected at 9 sites in 2014 and 15 sites in 2015. In 
the Des Moines River, only one Asian Carp larvae was caught in the upriver section in 2014, but 
Asian Carp eggs and larvae were collected from every site within the river sections in 2015 
(Appendix 15, 17). Few collections of Asian Carp occurred in upriver sections of the Skunk and 
Iowa rivers during the study (Figure 3.13). Eggs from Silver Carp were the most abundant Asian 
Carp species captured overall in the study. However, Grass Carp had higher egg densities on 
during some sampling sessions, especially in the Skunk River downriver section in both years 
and the Iowa River downriver section in 2014 (Appendix 18). Bighead Carp eggs were the least 
abundant and only captured in the Iowa and Skunk River downriver sections in 2014 and the Des 
Moines River upriver section in 2015 (Appendix 18).  
Combined egg and larval density comparisons resulted in a non-significant interactions 
between tributary, year, and section (F2, 60=0.82, P=0.44), tributary and section (F2, 60=0.21, 
P=0.81), and year and section (F1, 60=0.11, P=0.74). Interactions with section were removed to 
eliminate all insignificant interactions and the model was re-run. In the new model, densities 
were significantly different between the river sections (F1, 65 =8.39, P<0.01) and the interaction 
between year and river was significant (F2, 40 =4.59, P=0.02; Figure 3.13). The downriver section 
combined egg and larvae density was higher than the upriver section (t =2.82, P<0.01). Densities 
in 2014 were similar between the Des Moines, Skunk and Iowa rivers. However, Asian Carp 
densities in the Des Moines River were higher than the Iowa River (t =3.33, P<0.01) and Skunk 
River (t =2.80, P<0.02) in 2015 (Figure 3.13).  
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Comparisons of densities within river confluences resulted in a significant interaction 
between the river, site within the confluence, and year (F4, 66=4.78, P<0.01).  In 2014, the only 
significant difference between sites within a confluence was between the downstream and 
tributary sites in the Des Moines River. The downstream site was higher than the tributary site (t 
=3.28, P=0.02). Similarly to 2014, the only significant difference between sites was in the Des 
Moines River. However, the tributary site was higher than the downstream site (t =3.36, P=0.02) 
and higher than the upstream site (t =5.58, P<0.01; Figure 3.14). 
Back calculated ages of Asian Carp ranged from 2 to 40 h for eggs and 24 to 68 h for 
larvae in the Des Moines River, except for one additional larvae aged to 188 h (Figure 3.15).  
The most frequently captured age in the Des Moines River was 12 h for eggs and 30 h for larvae. 
Back calculated ages in the Skunk River ranged from 6 to 26 h for eggs and 30 to 56 h for larvae. 
The most frequently captured age in the Skunk River was 20 h for eggs and 46 h for larvae. Back 
calculated ages in the Iowa River ranged from 6 to 22 h for eggs and 26 to 48 h for larvae 
(Figure 3.15). The most frequently captured age in the Iowa River was 14 h for eggs and 28 h for 
larvae. 
Estimated spawning dates for eggs and larvae combined ranged from May 25th to August 
25th 2014 and May 11th to August 10th 2015 across all sites. In 2014, the August 25th spawn date 
was from a single Grass Carp larvae caught in the upriver section in the Des Moines River at 
Eddyville (Figure 3.16). No other spawn dates occurred in August in either the upriver (Figure 
3.16) or downriver (Figure 3.17) section in the Des Moines River throughout the study. 
However, spawning in August occurred in the upriver section in the Skunk River in 2015 (Figure 
3.18). This occurred more than a month after the first spawn event and 11 days after the last 
spawning event in the Skunk River downstream location (Figure 3.19). Estimated spawning 
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dates for sites in the upriver section in the Iowa River were between early June to early July 
(Figure 3.20) and similar to the downriver section in 2015 (Figure 3.21). Mean daily channel 
velocity and temperature were above the minimum threshold of 18 oC and 0.7 m/s in all sites, 
locations, and rivers during both years. Mean daily channel velocity on each spawn date ranged 
from 0.87 to 1.21 m/s when water temperatures were 19.1 to 26.5 oC in 2014 and 0.68 to 1.65 
m/s when water temperatures were 18.8 to 27.6 oC in 2015. 
Discussion 
 Successful reproduction is essential for establishment of Asian Carp in the Upper 
Mississippi River and its tributaries. Unfavorable spawning conditions may exist in impounded 
sections of the Upper Mississippi River (Lohmeyer and Garvey 2009). However, tributaries 
connected to the impoundments may provide the necessary habitat for reproduction. This study 
provides the first direct observations of Asian Carp reproduction in Upper Mississippi River 
tributaries located in Iowa. Eggs and larvae from Bighead, Silver, and Grass carps were captured 
at the downriver sections near the tributary confluence and more than 40 km upstream from the 
confluence in the Des Moines, Iowa, and Skunk rivers, indicating reproduction is not limited to 
the mainstem Mississippi River. Similar observations of reproduction occurring in upriver 
sections of tributaries have been documented in the Illinois (DeGrandchamp et al. 2007), 
Wabash and Cache rivers (Burr et al. 1996, Coulter et al. 2013).  Genetic identification of eggs 
collected from all rivers and sections in this study revealed that Silver Carp were most abundant 
followed by Grass Carp then Bighead Carp. This general order of species abundance was similar 
to eggs collected in the Yangtze River (Jiang et al. 2010, Xu et al. 2015). Before the Yangtze 
River was impounded, Grass Carp and Silver Carp were the most abundant eggs collected in the 
drift (Yi et al. 1988). However, after dam construction, plankton densities increased and aquatic 
vegetation decreased (Yao et al. 2008). The shift in food availability resulted in an increase in 
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Silver Carp and decrease in Grass Carp abundance (Jiang et al. 2010). Similar environmental 
drivers may be dictating species composition and reproduction in the impounded Upper 
Mississippi River and connected tributaries. 
The highest densities of Asian Carp eggs and larvae were found in downriver sections 
near tributary confluences of the Upper Mississippi River and coincided with a decreases in adult 
GSI and an increases in the proportion of post-spawn females. Asian Carp are known to prefer 
turbulent waters of river confluences for spawning in their native range (Yi et al. 2006) and in 
the invaded range in the U.S. (Shrank et al. 2001). Asian Carp can travel long distances and have 
increased movement during the spawning season (DeGrandchamp et al. 2007). It is possible that 
Asian Carp disperse in search of optimal spawning conditions when gonads are fully mature. For 
example, during this study, the highest density of Asian Carp eggs and larvae were captured in 
the Mississippi River upstream of the Des Moines River confluence during a large spawning 
event witnessed on May 27th 2014 while very few eggs or larvae were caught from sites within 
the Des Moines River. The following year, very few eggs or larvae were observed in the 
Mississippi River site upstream of the confluence, whereas the Des Moines River had the highest 
densities captured during 2015. Additionally, overall densities at the Skunk and Iowa river 
confluences were lower in 2015 than 2014. Furthermore, reproduction at sites within the upriver 
sections in the Skunk and Iowa did not increase when densities from sites in the downriver 
sections decreased, indicating environmental conditions may not have been as favorable for 
reproduction in 2015 for the entirety of those tributaries as in 2014.  
In 2014, the Upper Mississippi River experienced a flooding event that likely influenced 
where Asian Carp reproduced. A rising discharge has been suggested as a spawning trigger 
(Kolar et al. 2007) and at its crest on July 3rd 2014, the USGS gaging station on the Mississippi 
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River at Clinton recorded the 12th highest flood level on record. This large pulse crested many of 
the lowhead portions of the lock and dams and likely returned the Upper Mississippi River into a 
continuously free flowing river system adequate for Asian Carp spawning. Furthermore, flood 
waters inundated much of the adjacent floodplain providing larval Asian Carp with an abundance 
of backwater for rearing. Adult GSI peaked in the upriver section and were still relatively high in 
the downriver section in the Des Moines River in June immediately before the flood and were at 
the lowest levels in July immediately after the flood, suggesting this high magnitude flood pulse 
created favorable spawning conditions.  
Combined egg and larval densities were similar across all rivers in 2014, but where 
higher in the Des Moines River than the Iowa or Skunk rivers in 2015. Higher egg and larval 
densities were also observed downriver than upriver across tributaries in both years. However, 
significantly higher densities were observed in the mainstem Mississippi River site downstream 
of the Des Moines River confluence in 2014, but higher densities were observed in the Des 
Moines River within tributary site in 2015. Contrary to their native range in the Yangtze where 
Asian Carp spawn at 36 specific sites (Yi et al. 1988), annual changes in the location of the 
highest egg and larval densities indicate preferred spawning sites may change from year to year 
depending on conditions. It appears that Asian Carp may migrate in and out of the Des Moines 
River in search of suitable spawning conditions and can successfully reproduce in the Upper 
Mississippi River and Des Moines River, as well as the Iowa and Skunk rivers, when conditions 
are favorable for spawning. 
Asian Carp reproduction generally occurs in late spring to early summer (Kolar et al. 
2007). However, collections of mixed size-classes of juveniles (Galat et al. 2004), gonadal 
maturation (Shrank and Guy 2002, Papoulias et al. 2006), and eggs collected in the Wabash 
64 
 
River, IL (Coulter et al. 2013) provide evidence that spawning can be protracted until fall. The 
persistence of ripe, unspent, and partially spent ovaries in adults as late as October and back 
calculated spawn dates of eggs and larvae ranging from May to August, confirm Asian Carp 
exhibit protracted spawning in the tributaries beyond the general consensus of spawn timing. 
Although eggs and larvae were collected in late summer and fall, peak densities generally 
occurred during late May and June, coinciding with a substantial decline in adult female GSI and 
increase in post spawn females. It is currently unknown if adults are able to spawn multiple times 
a season. However, bimodal distributions of intraovarian egg maturation suggest females may 
have the ability to spawn multiple times a season (Schrank and Guy 2002). Partially spent, ripe 
ovaries observed in this study also suggest that females may not release all eggs in a single 
spawning event and could spawn a second time if conditions are adequate. However, various 
stages of egg resorption from partially spent females were also observed, indicating females may 
not release all eggs produced in a given year. It is not known if egg reabsorption is due to 
environmental stressors or a lack of favorable spawning conditions after the initial spawning 
event. Furthermore, spawning events occurring late in the season limit the time larvae have for 
growth and storing energy reserves for over wintering, resulting in higher mortality than spring 
produced larvae (Freeze and Crawford 1983). Assessments of survival to age-1 are needed to 
properly evaluate the significance of protracted spawning on eventual recruitment dynamics. 
Asian Carp spawning in their native range is governed by a suite of environmental factors 
including water temperature, mean velocity, and hydrological trend (Kolar et al. 2007). Water 
temperatures during spawning were within the optimal spawning temperatures of 18 to 30 oC 
(Kolar et al. 2007). Additionally, mean velocities on all spawning dates were greater than or 
equal to the 0.7 m/s requirement (Kocovsky et al. 2012). A rising hydrologic trend has been 
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stated as a requirement for spawning, where rising water levels create more turbulent conditions 
to keep eggs suspended in the drift (Kolar et al. 2007). However, spawning occurred on both 
rising and falling limbs of the hydrograph calculated for 24 and 48 h periods prior to spawning. 
Thus, a rising hydrograph may not be a requirement for spawning but may assist in inducing a 
spawning event (Deters et al. 2012, Kocovsky et al. 2012). Furthermore, Asian Carp have been 
observed spawning in the Kara Cum Canal, Turkmenistan where water levels are heavily 
regulated and do not change (Kolar et al. 2007) providing more evidence that a rising hydrologic 
trend is not needed for spawning. It appears that water temperature and channel velocity may be 
good predictors of spawning, whereas hydrologic trends may be unreliable. Survival and 
recruitment from spawning events during the various hydrological trends have yet to be 
evaluated. However, egg mortality is higher when eggs settle from the drift and come in contact 
with the substrate (George et al. 2015). It is likely that spawning events during falling 
hydrographs or during low water periods may exhibit lower survival than spawning events 
during a rising hydrograph.  
The detection of spawning in the tributaries of the Upper Mississippi River in Iowa 
highlight the importance these tributaries have to the successful establishment and further spread 
of Asian Carp.  Regulation of water flow in the Upper Mississippi River has altered the natural 
riverine habitats that once existed and would have likely provided better spawning conditions for 
Asian Carp. The Des Moines, Skunk, and Iowa rivers have also been subject to the construction 
of dams and water regulation. However, each river still maintains a spring pulse in discharge and 
has adequate continuous river lengths for drifting eggs to develop and hatch. Due to 
channelization, these tributaries have limited backwater habitats preferred by larval and juvenile 
Asian Carp (George and Chapman 2013). The proximity of the Upper Mississippi River 
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impoundments and direct deposition of larvae into backwater nursery habitats from tributary 
currents may result in higher larvae survival and recruitment similar to the interaction of the 
Yangtze River currents depositing larvae into floodplain lakes (Ru and Liu 2013). This study 
indicates that Asian Carp establishment in the tributaries is possible and these tributaries may 
provide recruits to the mainstem Upper Mississippi River. Additional research is needed to 
evaluate the movement and survival of larvae from different spawning events within tributaries 
to determine if spawning location along a longitudinal gradient within a tributary affects 
recruitment success. Further establishment and spread will likely continue as adults invade in 
more tributaries. Evaluation of water temperatures and velocities within tributaries during the 
spring, summer, and fall will be necessary to determine how far reproduction and establishment 
can occur. 
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Table 3.1. Regression equations for predicting mean daily water temperature (T) calculated from field collected water temperatures 
(°C) from each site and date and mean daily water temperature data (x) from the nearest USGS gaging station.  The Iowa River USGS 
gaging station data was used for the Skunk River because there were not USGS gaging stations in the Skunk River with water 
temperature data for the study period. Sampling sites associated with the Des Moines River were located at Eddyville (DSM-EDD), 
Cliffland (DSM-CLF), Keosauqua (DSM-KQA), the mouth (DSM-MTH), upstream (UMR-UPD) and downstream (UMR-DND of the 
confluence in the Mississippi River. Skunk River sampling sites were in Cedar Creek (SKK - CDR), upstream (SKK-UPC) and 
downstream (SKK-DNC) of the Cedar Creek confluence, the mouth (SKK-MTH), and upstream (UMR-UPS) and downstream (UMR-
DNS) of the Skunk River confluence in the Mississippi River. Sampling sites in the Iowa River were located in Conesville (IAR-
CON), the English River (IAR-ENG) and the upstream (IAR-UPE) and downstream (IAR-DNE) sites from the English River 
confluence, the mouth (IAR-MTH), and the upstream (UMR-UPI) and downstream (UMR-DNI) sites in the Mississippi River 
associated with the Iowa River confluence. 
USGS Gage Station # 
USGS Gage Station 
Name 
Linear Regression R²  
Corresponding 
Sampling Site 
05482000 Des Moines River at 
2nd Avenue at Des 
Moines, IA 
T = 0.9375x + 1.1071 0.96 DSM-EDD 
T = 0.8952x + 2.5366 0.94 DSM-CLF 
T= 0.8764x + 3.2327 0.89 DSM-KQA 
T = 0.9117x + 2.8186 0.89 DSM-MTH 
05465500  Iowa River at 
Wapello, IA 
T = 0.8493x + 2.334 0.93 SKK-UPC 
T = 0.7372x + 4.6629 0.79 SKK-CDR 
T = 0.7999x + 3.3551 0.91 SKK-DNC 
T = 0.8992x + 2.472 0.95 SKK-MTH 
T = 0.9062x + 1.9688 0.93 IAR-DNE 
T = 0.7958x + 3.4746 0.83 IAR-ENG 
T = 0.9421x + 1.3298 0.95 IAR-UPE 
T = 0.9448x + 1.547 0.96 IAR-MTH 
T = 1.0308x - 0.6941 0.95 IAR-CON 
 
 
 
 
 
 
 
73 
 
7
3 
Table 3.1. (continued). 
05420500 Mississippi River at 
Clinton, IA 
T = 1.0167x + 0.2288 0.97 UMR-DND 
T = 0.9882x + 0.7783 0.97 UMR-UPD 
T = 1.0071x + 0.4802 0.97 UMR-DNS 
T = 0.9886x + 0.9341 0.98 UMR-UPS 
T = 0.9964x + 0.4453 0.98 UMR-DNI 
T = 0.9928x + 0.5647 0.99 UMR-UPI 
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Table 3.2.  Nearest USGS gaging stations to sampling sites where mean daily discharge and field channel velocity measurements were 
used to create log-log linear regressions and determine the velocity (V) for each mean daily discharge (D) per sampling site between 
January 1, 2000 to June 30, 2016. Sampling sites associated with the Des Moines River were located at Eddyville (DSM-EDD), 
Cliffland (DSM-CLF), Keosauqua (DSM-KQA), the mouth (DSM-MTH), upstream (UMR-UPD) and downstream (UMR-DND of the 
confluence in the Mississippi River. Skunk River sampling sites were in Cedar Creek (SKK - CDR), upstream (SKK-UPC) and 
downstream (SKK-DNC) of the Cedar Creek confluence, the mouth (SKK-MTH), and upstream (UMR-UPS) and downstream (UMR-
DNS) of the Skunk River confluence in the Mississippi River. Sampling sites in the Iowa River were located in Conesville (IAR-
CON), the English River (IAR-ENG) and the upstream (IAR-UPE) and downstream (IAR-DNE) sites from the English River 
confluence, the mouth (IAR-MTH), and the upstream (UMR-UPI) and downstream (UMR-DNI) sites in the Mississippi River 
associated with the Iowa River confluence. 
 
USGS 
Gage 
Station # 
USGS Gage Station Name Log-Log Linear Regression R²  
Calculated 
Discharge 
(m3/s) for 
0.7 m/s 
Velocity 
Corresponding Sampling 
Site 
5488500 Des Moines River near Tracy, IA V = 0.3069 * ln(D) - 0.6527 0.88 82 DSM-EDD 
5489500 Des Moines River at Ottumwa, IA V = 0.2655 * ln(D) - 0.5524 0.85 112 DSM-CLF 
5490500 Des Moines River at Keosauqua, IA V = 0.356 * ln(D) - 0.8811 0.85 85 DSM-KQA, DSM-MTH 
5473400 Cedar Creek near Oakland Mills, IA V = 0.155 *ln(D) + 0.2068 0.78 24 SKK-CDR 
5473065 Skunk River at Merrimac, IA V = 0.1247 * ln(D) + 0.2446 0.65 39 SKK-UPC, SKK-DNC 
5474000 Skunk River at Augusta, IA V = 0.2133 * ln(D) - 0.0202 0.85 29 SKK-MTH 
5465000 Cedar River near Conesville, IA V = 0.1887 * ln(D) - 0.231 0.64 139 IAR-CON 
5455500 English River at Kalona, IA V = 0.1514 * ln(D) + 0.1401 0.69 40 IAR-ENG 
5455700 Iowa River near Lone Tree, IA V = 0.1741 * ln(D) - 0.0739 0.92 85 IAR-UPE, IAR-DNE 
5465700 Iowa River at Oakville, IA V = 0.2929 * ln(D) - 0.9156 0.87 249 IAR-MTH 
5420500 Mississippi River at Clinton, IA V = 0.4291 * ln(D) - 2.5948 0.96 1938 ALL UMR SITES 
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Figure 3.1. Approximate locations of sampling sites for eggs, larvae, and adults, fish passable 
lowhead dams, fish barrier reservoir dams, and lock and dams in the Des Moines, Skunk, Iowa, 
Cedar and Upper Mississippi rivers across southeastern Iowa. See Figure 2 for explanation of 
confluence sites. 
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Figure 3.2. Example of the sampling scheme used to capture eggs and larvae at each tributary confluence with the mainstem Upper 
Mississippi River where a transect is located within the tributary (A), upstream in the mainstem (B), and downstream in the mainstem 
(C) approximately 3 km from the mixing waters.
A B 
C 
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Figure 3.3. Mean (±1SE) female Silver Carp gonadosomatic index (GSI) in upriver and 
downriver sections of the Des Moines River from April through October 2014 (top) and 2015 
(bottom). Asterisks represent significant differences (α = 0.05) between upriver and downriver 
sections within a month and year. 
78 
 
U
p
ri
v
e
r
D
o
w
n
ri
v
e
r
2014 2015
N= 17 51 69 24 24 73 84 N= 111 142 181 46 21 67 36
N= 6 10 24 5 9 114 68 N= 48 64 106 95 86 106 1
P
ro
p
o
rt
io
n
 o
f 
fe
m
a
le
s
0.0
0.2
0.4
0.6
0.8
1.0
Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Resorption
U
p
ri
v
e
r
D
o
w
n
ri
v
e
r
APR MAY JUNE JULY AUG SEPT OCT
P
ro
p
o
rt
io
n
 o
f 
fe
m
a
le
s
0.0
0.2
0.4
0.6
0.8
1.0
APR MAY JUNE JULY AUG SEPT OCT
 
Figure 3.4. Proportion of female Silver Carp gonad development stages sampled from upriver 
(top) and downriver (bottom) sections of the Des Moines River during April through October in 
2014 (left) and 2015 (right). Number of females (N) captured during each month are listed above 
each month. Stages of gonadal development: Stage 1 = no gonads visible, Stage 2 = thread-like 
ovaries, Stage 3 = small ovaries with some oocytes visible but small in size, stage 4 = large 
ovaries full of mature oocytes, Stage 5 = ripe female releases eggs when abdomen is gently 
squeezed, Stage 6 = ovaries that are at least partially spent, Resorption = ovaries with overripe 
oocytes. See Appendix 2 for additional gonad staging details. 
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Figure 3.5. Proportion of post spawn female Silver Carp sampled from upriver and downriver 
sections of the Des Moines River during April through October in 2014 (top) and 2015 (bottom).  
Post spawn females consisted of individuals with ovaries classified as stage 6 or resorption. 
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Figure 3.6.  Pearson correlation of the monthly proportion of post spawn and gonadosomatic index (GSI) of Silver Carp females in the 
upriver (top) and downriver (bottom) sections in the Des Moines River in 2014 (left) and 2015 (right). 
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Figure 3.7.  Egg densities (mean ±1SE) of Bighead, Silver, and Grass carps in the upriver (top) and downriver (bottom) sections in the 
Des Moines River in 2014 (left) and 2015 (right). 
* Sampling did not occur on June 29 or July 9, 2014 due to hazardous river conditions. 
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Figure 3.8.  Larval densities (mean ±1SE) of Hypothalmichthys (Bighead and Silver carps) and Grass Carp in the upriver (top) and 
downriver (bottom) sections of the Des Moines River in 2014 (left) and 2015 (right).  Bighead Carp and Silver Carp larvae are 
difficult to visually distinguish between species due to their morphological similarities and were combined into a single genus 
classification. 
* Sampling did not occur on June 29 or July 9, 2014 due to hazardous river conditions. 
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Figure 3.9.  Egg densities (mean ±1SE) of Bighead, Silver, and Grass carps in the upriver (top) and downriver (bottom) sections in the 
Skunk River in 2014 (left) and 2015 (right). 
* Sampling did not occur on June 29 or July 9, 2014 due to hazardous river conditions. 
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Figure 3.10.  Larval densities (mean ±1SE) of Hypothalmichthys (Bighead and Silver carps) and Grass Carp in the upriver (top) and 
downriver (bottom) sections of the Skunk River in 2014 (left) and 2015 (right).  Bighead Carp and Silver Carp larvae are difficult to 
visually distinguish between species due to their morphological similarities and were combined into a single genus classification.        
* Sampling did not occur on June 29 or July 9, 2014 due to hazardous river conditions. 
85 
 
8
5 
Ap
r 2
2
M
ay
 1
M
ay
 1
1
M
ay
 2
0
M
ay
 3
1
Ju
n 
10
Ju
n 
24
Ju
n 
29
Ju
l 1
0
Ju
l 2
0
Ju
l 3
0
Au
g 
9
Au
g 
19
Au
g 
29
Se
p1
1
Se
p 
25
O
ct
 1
0
Bighead Carp
Silver Carp
Grass Carp
0
5
10
15
2014 2015
U
p
ri
v
e
r
D
o
w
n
ri
v
e
r
Sampling Session Start Date
Ap
r 1
8
M
ay
 5
M
ay
 1
5
M
ay
 2
6
Ju
n 
3
Ju
n 
11
Ju
n 
18
Ju
n 
29
Ju
l 9
Ju
l 2
0
Ju
l 2
7
Au
g 
5
Au
g 
14
Au
g 
22
Au
g 
30
Se
p 
12
Se
p 
26
O
ct
 2
0
E
g
g
 D
e
ns
ity
 (
nu
m
b
e
r/
1
0
0
 m
3
)
0
5
10
15
E
g
g
 D
e
ns
ity
 (
nu
m
b
e
r/
1
0
0
 m
3
)
* *
* *
 
 
Figure 3.11.  Egg densities (mean ±1SE) of Bighead, Silver, and Grass carps in the upriver (top) and downriver (bottom) sections in 
the Iowa River in 2014 (left) and 2015 (right). 
* Sampling did not occur on June 29 or July 9, 2014 due to hazardous river conditions. 
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Figure 3.12.  Larval densities (mean ±1SE) of Hypothalmichthys (Bighead and Silver carps) and Grass Carp in the upriver (top) and 
downriver (bottom) sections of the Iowa River in 2014 (left) and 2015 (right).  Bighead Carp and Silver Carp larvae are difficult to 
visually distinguish between species due to their morphological similarities and were combined into a single genus classification. 
* Sampling did not occur on June 29 or July 9, 2014 due to hazardous river conditions. 
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Figure 3.13.  Egg and larval Asian Carp densities (mean ±1SE) from the upriver and downriver 
sections in the Des Moines, Skunk, and Iowa rivers.  
 
88 
 
  
Figure 3.14. Asian Carp egg and larval densities combined (mean + 1 SE) for the upstream and 
downstream sites in the Mississippi River and a tributary site near the confluences of the Des 
Moines, Skunk, and Iowa river with the Mississippi River sampled in 2014 (top) and 2015 
(bottom). 
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Figure 3.15. Frequency of back calculated ages (hour) of eggs and larvae captured in the Des Moines (top), Iowa (middle), and Skunk 
(bottom) rivers from 2014 (left) and 2015 (right).
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Figure 3.16. Estimated water temperature, channel velocity, and spawning dates for the sampling 
sites at Eddyville (DSM-EDD; top), Cliffland (DSM-CLF; middle), and Keosauqua (DSM-
MTH; bottom) in the upriver section of the Des Moines River during 2014 (right) and 2015 
(left). Horizontal black line represents the minimum water temperature and minimum velocity 
required for spawning. 
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Figure 3.17. Estimated water temperature, channel velocity, and spawning dates for the sites at 
the Des Moines River mouth (DSM-MTH; top) and the Mississippi River site downstream of the 
Des Moines River confluence (UMR-DND; bottom) in the downriver section of the Des Moines 
River during 2014 (right) and 2015 (left). Horizontal black line represents the minimum water 
temperature and minimum velocity required for spawning.
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Figure 3.18. Estimated water temperature, channel velocity, and spawning dates for the site 
downstream of the Cedar Creek confluence (SKK-DNC) in the upriver section of the Skunk 
River during 2014 (right) and 2015 (left). Horizontal black line represents the minimum water 
temperature and minimum velocity required for spawning.
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Figure 3.19. Estimated water temperature, channel velocity, and spawning dates for the sites at 
the Skunk River mouth (SKK-MTH; top) and the Mississippi River site downstream of the 
Skunk River confluence (UMR-DNS; bottom) in the downriver section of the Skunk River 
during 2014 (right) and 2015 (left). Horizontal black line represents the minimum water 
temperature and minimum velocity required for spawning. 
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Figure 3.20. Estimated water temperature, channel velocity, and spawning dates for the sites at 
Conesville (IAR-CON; top) and downstream of the English River (IAR-DNE bottom) in the 
upriver section of the Iowa River during 2014 (right) and 2015 (left). Horizontal black line 
represents the minimum water temperature and minimum velocity required for spawning.
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Figure 3.21. Estimated water temperature, channel velocity, and spawning dates for the sites at 
Iowa River mouth (IAR-MTH; top) and the Mississippi River site downstream of the Iowa River 
confluence (UMR-DNI; bottom) in the downriver section of the Iowa River during 2014 (right) 
and 2015 (left). Horizontal black line represents the minimum water temperature and minimum 
velocity required for spawning. 
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CHAPTER 4.  SUITABILITY OF AN UPPER MISSISSIPPI RIVER TRIBUTARY FOR 
ASIAN CARP REPRODUCTION 
 
Abstract 
Asian Carp are a highly invasive species that are expanding throughout the Upper 
Mississippi River Basin. Various models utilizing thermal and hydrologic requirements for adult 
spawning and egg drift have been developed to determine if reproduction could occur in a river. 
However, these models focused on the feasibility of reproduction in tributaries of the Great 
Lakes, require large amounts of data that are not easily obtained, and do not attempt to pinpoint 
river locations best suited for adult spawning. My objectives were to 1) create a simplistic 
Geographical Information System (GIS) model using readily available public data identifying 
river characteristics such as sinuosity, gradient, abundance of turbulent hard points, and 
backwater habitat to predict potential Asian Carp reproduction areas in the lower Des Moines 
River, IA during low, average and high water level conditions, and 2) compare model predictions 
to empirical reproductive data collected in the field. Model predictions were similar for all three 
water level scenarios.  Asian Carp reproductive potential was higher below Red Rock and 
Ottumwa dams as well as a large river bend near Keosauqua, IA. No Asian Carp eggs were 
caught in 2014 which was an average water year in the Des Moines River and an above average 
year in the Mississippi River. Back-calculated egg origins from 2015, which was an average 
water year in the Des Moines River and Mississippi River, indicated that these models were able 
to predict reproduction in the upper portions of the lower Des Moines River but were less 
successful at identifying areas where reproduction was documented in the lower reaches. This 
study provides a simple tool for predicting areas of potential Asian Carp reproduction in the 
lower Des Moines River and suggests that Asian Carp reproduction may ubiquitous throughout 
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the river with areas of concentration varying annually despite adequate reproduction suitability 
each year.  
Introduction 
Invasive Silver Carp (Hypophthalmichthys molotrix), Bighead Carp (H. nobilis), and 
Grass Carp (Ctenopharyngodon idella; collectively called Asian Carp) have expanded 
throughout the Upper Mississippi River Basin. The first observations of Asian Carp in North 
American rivers were reported in Arkansas in 1975 after fish escaped aquaculture facilities 
during flood events (Freeze and Henderson 1982). Due to their high reproductive capabilities 
(Williamson and Garvey 2005) and ability to disperse long distances (DeGrandchamp et al. 
2008), Asian Carp have since been observed in more than 20 states throughout the Mississippi, 
Missouri, Ohio, and Illinois river basins (Kolar et al. 2007, Baerwaldt et al. 2013, Deters et al. 
2013) with some areas containing the highest densities anywhere in the world (Sass et al. 2010). 
However, establishment has not occurred in all occupied areas. Understanding the suite of 
habitat variables conducive for reproduction is necessary to determine areas at high risk of 
establishment and the extent to which Asian Carp establishment may occur. 
Successful Asian Carp reproduction depends in part on adults finding suitable spawning 
habitat. Asian Carp generally spawn in spring and early summer, but reproduction has occurred 
through September in some instances (Papoulis et al. 2006). Adults congregate in large rivers to 
broadcast semi-buoyant eggs when water temperatures are between 18 and 30 °C during periods 
of high or increasing river discharge (Kolar et al. 2007). Areas of increased amounts of river 
meandering or sinuosity has also been correlated to observations of spawning activity (Deters et 
al. 2013). Additionally, tributary confluences and hardpoints, such as bridge pilings, rock 
outcroppings, dikes, dams, and wing dams, create turbulence in the water column that is 
associated with spawning activity in their native range in the Yangtze River (Yi et al. 2006) and 
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in varying capacities in the Missouri (Schrank et al. 2001) and Illinois (Peters et al. 2006, 
DeGrandchamp et al. 2007) rivers where they are introduced.  After being released, eggs require 
continuous, uninterrupted river flow of ≥0.7 m/s (Abdusamadov 1987) for 25 to 100 km to stay 
suspended until hatching (Krykhtin and Gorbach 1981, Nico et al. 2005, Murphy and Jackson 
2013). After hatching, larval fish migrate from the faster thalweg sections of the river to slower 
backwater areas for protection (George and Chapman 2013).  
Previous studies have attempted to predict which rivers Asian Carp may reproduce using 
a suite of spawning requirements. Many of these studies have occurred in the Great Lakes 
tributaries due to the concern of Asian Carp establishment and the threat to the Great Lakes 
fisheries (Cuddington et al. 2014). Recent assessments of thermal (Kocovsky et al. 2012), 
undammed river length (Kolar et al. 2007), and hydrological (Garcia et al. 2013, Murphy and 
Jackson 2013) requirements identified the Sandusky River as a potential location for Asian Carp 
reproduction before eggs were collected in this tributary during 2015 (Embke et al. 2016). The 
findings in the Sandusky River highlight the importance of suitability modelling efforts to 
identify rivers with adequate suitable for reproduction. However, these models do not pinpoint 
areas within rivers that are best suited for adults to congregate and spawn. This is especially 
important in the Upper Mississippi River where adult abundances have substantially increased 
over the last decade. Initial assessments of the Upper Mississippi River predicted that Asian Carp 
reproduction potential is likely low due to a series lock and dams regulating river flow 
(Lohmeyer and Garvey 2009). Pooled sections between lock and dams exhibit reservoir-like 
characteristics that are more lentic resulting in slower river velocities and shortened river lengths 
of continuously flowing water unfavorable for reproduction. However, large tributaries 
connected to each of these pooled sections may meet all the requirements necessary for 
99 
 
  
reproduction. Adult spawning suitability modelling could help pinpoint potential areas to target 
with field sampling to determine if reproduction is occurring in the tributaries of the Upper 
Mississippi River. 
 The objective of this study was to create a geographical information system (GIS) based 
model using readily available public data to determine potential adult Asian Carp reproductive 
areas in the Des Moines River during low, average, and high water level conditions. Model 
predictions were determined using reproductive requirements of river length, presence of 
hardpoints, river sinuosity, river gradient, and backwater habitat availability and were compared 
to Asian Carp eggs collected in the Des Moines River over two years to validate model results. 
This study provides a simplified tool for predicting Asian Carp reproduction in the tributaries of 
the Upper Mississippi River and guide future sampling efforts to determine Asian Carp 
establishment. 
Methods 
Study Area - The Des Moines River is the largest non-border river in Iowa traversing 845 
km across central Iowa draining approximately 37,296 km2 from northwest to southeast before 
joining the Upper Mississippi River pool 20 near Keokuk, IA (USGS 2013). Many 
anthropogenic alterations have occurred within the Des Moines River to regulate river flow, 
including channelization and construction of an array of wing dikes, levees, and dams. Despite 
river alterations, continuous river reaches more than 60 km occur below both the Red Rock and 
Ottumwa dams. Adult Asian Carp are present throughout the Des Moines River from the mouth 
to below Red Rock and abundance has substantially increased since the first observation in 1991 
in these reaches (J. Euchner, Iowa DNR, personal communication, Irons et al. 2009). Red Rock 
Dam is an earthen dam that is an effective fish barrier and has prevented Asian Carp from 
expanding further upstream. Ottumwa Dam is a smaller lowhead dam that is a partial fish barrier 
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located 76 km downstream of Red Rock Dam (Figure 4.1). Asian Carp are likely not capable of 
passing Ottumwa Dam during periods of low river levels, but are likely able to pass the dam 
during high water events (J. Euchner, Iowa DNR, personal communication).  Additionally, 
reservoir-like conditions of little to no flow occur upstream of Ottumwa dam during low water 
level conditions, but do not occur during normal or high water conditions (IGS 2010).  
Reproduction Models - The National Wetlands Inventory (NWI) is a large geospatial 
database containing information on the location and characteristics of wetlands and related 
habitats classified using a delineation system that defines each wetland’s status and function 
(Cowardin et al. 1979). NWI maps covering the study area were obtained from the Natural 
Resources Geographic Information System (NRGIS) Library developed by the Iowa Department 
of Natural Resources (IGS 2010). From the NWI maps, the Des Moines River main channel was 
constructed using the system classification of “riverine” and water regime modifier “permanently 
flooded.” From this main channel, a river centerline was created and the river was arbitrarily 
divided into forty-five 5 rkm segments starting at the Des Moines River mouth (rkm 1) and 
terminating with a single 2 rkm segment at Lake Red Rock dam (rkm 227).  
A 1 km buffer on either side of the centerline was used to encapsulate all areas potentially 
inundated at low, average and high water levels as defined by the periodicity of inundation 
(Cowardin et al. 1979). Within this buffer, inundated areas outside of the main river channel 
were categorized by the river level stage when inundated (Cowardin et al. 1979). During low 
water conditions, backwater habitat was defined as permanently flooded palustrine areas, where 
water covers the land surface throughout the year and in all years. Backwater areas during 
average water conditions consisted of all areas inundated during low levels and areas that were 
intermittently exposed, seasonally flooded, or semi permanently flooded. Backwater areas during 
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high water conditions consisted of all areas inundated during the average water levels and areas 
that were temporarily flooded.  
For each river segment at each river level condition, backwater surface area starting 25 
rkm below the segment to the mouth was summed to estimate nursery habitat availability. This 
was done to determine if adults selected spawning areas that provided habitat for larvae upon 
hatching. Various river lengths up to 100 rkm have been reported as necessary for eggs to drift 
until hatching (Kolar et al. 2007). The shortest drift distance suggested is 25 rkm (Murphy and 
Jackson 2013) and was chosen for this study to ensure inclusion of all potential nursery areas. 
During low water conditions the area upstream of the Ottumwa dam becomes reservoir-like with 
little flow (IGS 2010). Thus, backwater areas for river segments above Ottumwa dam were 
summed from 25 rkm below each segment to the dam. Segments that were 25 rkm or less above 
the Ottumwa dam were given a value of ‘0’ for backwater area because they did not meet the 
continuous free flowing river requirements needed for eggs to drift and successfully hatch. 
Backwater habitat availability was ranked in descending with the river segment with the most 
backwater habitat downstream available given a rank of “1.” 
River gradient for each segment was calculated using contour line maps derived from 
LiDar data (IDNR 2010). Contour lines at 0.6 m intervals were used to determine the elevation 
difference of the main channel at the upstream and downstream ends of each 5 rkm segment. 
Greater differences in elevation correspond to higher river gradient and greater water velocity 
(Allan and Castillo 2007). The lowest elevation contour line along the river bank intersecting 
each river segment boundary was used as contour lines generated over water features are 
unreliable from LiDar data (IDNR 2010). River segments were ranked in ascending order with 
the most drop in elevation given a rank of “1.” 
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River sinuosity was calculated for each 5 rkm river segment using the Calculate Sinuosity 
tool for the python toolbox (Team Python 2011). This tool describes the deviation of the main 
river channel centerline from the shortest path between its endpoints. River sinuosity was 
calculated as  
𝑅𝑖𝑣𝑒𝑟 𝑆𝑖𝑛𝑢𝑜𝑠𝑖𝑡𝑦 =  
𝑅
𝑆
 
where R = the total river length and S = the shortest straight line distance between endpoints. 
Values closer to 1 are straighter and meander less than values > 1. Areas of the main channel 
with higher sinuosity have a greater diversity of habitats including areas of higher velocity along 
outside river bends and backwater areas along inside bends which are both essential for 
successful reproduction (Deters et al. 2012). River sinuosity was ranked for each segment in 
ascending order with the highest sinuosity value receiving a rank of “1.” 
Tributary confluences and hardpoints, such as bridge abutments, wing dikes, and dam 
spillways where the water column is more turbulent, have been documented as possible 
spawning areas for Asian Carp (Yi et al. 2006, Kolar et al. 2007, Deters et al. 2012,). Ortho-
aerial photographs were used to locate and digitize all hardpoints within 1 km buffer from the 
centerline of the main channel for each 5 rkm river segment. Hardpoints were summed and 
ranked in ascending order with the river segment containing the most hardpoints receiving a rank 
of “1.” 
Unweighted ranks for backwater area availability, river gradient, sinuosity, and 
hardpoints were summed to get an overall score for each segment and river level combination. 
Scores for segments were then ranked in ascending order with the lowest rank score having the 
most potential for Asian Carp reproduction for each river level. ArcGIS© (version 10.1) software 
by Esri was used to create all maps. 
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Egg Sampling and Origin Analysis - Egg sampling occurred every 10 d from the end of 
April through the end of September during 2014 and 2015 at four sampling sites on the Des 
Moines River (Figure 1). Egg sampling did not occur between June 21st and July 30th for 
Eddyville, Cliffland, and Keosauqua and between June 21st and July 20th for Keokuk in 2014 due 
to high water conditions. In 2015, hazardous weather prevented sampling from occurring on May 
20 at Eddyville and Cliffland. Eggs were used because larvae have a strong ability to swim upon 
hatching and may not drift at the same speed as passively drifting eggs resulting in incorrect 
origin calculations (Chapman and George 2011). Ichthyoplankton tows (0.5-m diameter net with 
500-μm mesh) were conducted near the surface at a constant boat speed relative to the shoreline 
up to four minutes depending on debris load. Water temperature was collected with an ExtStick 
II Conductivity Meter (Extech Instruments Corporation, Nashua, NH) near the surface in the 
thalweg at each site and date. In the laboratory, eggs from each tow were separated from debris 
by at least two individuals on separate occasions or until no eggs were found and stored in 20 mL 
glass scintillation vials with 95% ethanol. Eggs were identified using genetic analysis on a subset 
of eggs from each tow. Eggs were subsampled using a random sample stratified by year and tow. 
From the 2014 samples, all eggs from tows containing <9 eggs and 7% of eggs from tows 
containing >10 were subsampled.  From the 2015 samples, all eggs from tows containing <5 
eggs and 8% of eggs from all tows with >6 eggs were subsampled. DNA was extracted from 
subsampled eggs using the Gentra Puregene Tissue Kit (Qiagen, Germantown, MD) or Promega 
Wizard® Genomic DNA Purification kit (Promega Corp., Madison, WI) according to the 
manufacturer’s suggested protocol and was stored at -20 °C. Polymerase chain reaction (PCR) 
was used to amplify portions of the mitochondrial genome corresponding to the cytochrome b 
gene using primers developed by Song et al. (1998) or cytochrome oxidase subunit I (COI) using 
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primers developed Ivanova et al. (2007). Successfully amplified PCR products were sequenced 
and manually edited in Geneious (http://www.geneious.com, Kearse et al. 2012) and compared 
to DNA sequences of known Asian Carp species for positive identification.  
Egg development (Chapman and George 2011, George and Chapman 2015) and water 
temperature at the time of collection was used to determine time (h) since fertilization for each 
egg according to the cumulative thermal units (CTU) equations provided by George and 
Chapman (2013, 2015). Travel distance (rkm) was calculated as: 
𝑇𝑟𝑎𝑣𝑒𝑙 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = ∑ 𝐷𝑖
𝑛
𝑖=1
 
where D = the distance traveled since fertilization for day i. Daily travel distances were 
calculated as: 
𝐷𝑎𝑖𝑙𝑦 𝐷𝑟𝑖𝑓𝑡 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =
𝐻𝑖 ∗ 𝑉𝑠𝑖 ∗ 3600
1000
 
where H = the number of h drifting for day i, V = the mean channel velocity (m/s) for day i at 
sampling site s, 3600 = the number of seconds in an h, and 1000 = the number of m in a km. 
Linear regression was used to predict mean velocity from mean daily discharge (m3/s) observed 
at the nearest USGS gaging station to the collection site, as river velocity (m/s) was only 
available for a few dates during each month. Mean daily discharge from the gaging station and 
field measured water velocity from 2000 through 2015 were obtained from USGS gaging 
stations located at Tracy, IA (USGS 05488500; VE = 0.0014 * discharge + 0.4603, R
2=0.85), 
Ottumwa, IA (USGS 05489500; VC = 0.0009 * discharge + 0.501, R
2 = 0.74), and Keosauqua, 
IA (USGS 0549500; VK = 0.001 * discharge + 0.5901, R
2=0.80). The Tracy station was used for 
sampling conducted at Eddyville, Ottumwa station was used for sampling conducted at Cliffland 
and the Keosauqua station was used for sampling conducted at both Keosauqua and Keokuk. 
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Additionally, velocity calculations were used to determine the lowest discharge needed to meet 
the 0.7 m/s requirement for egg drift at each site. Travel distance was used to back calculate the 5 
km river segment each Asian Carp egg genetically identified was deposited. Asian Carp eggs 
deposited in each river segment were enumerated for each year and each segment was ranked 
with the segment containing the highest frequency of eggs was ranked as “1.”  
 Model validation used a non-parametric Kendall’s tau-b (τ) correlation test (Knight 1966) 
to compare the model ranks for spawning habitat suitability and each variable to the ranks of 
eggs deposited at each segment. Values for Kendall’s τ represent the probability that the 
observed egg ranks are in the same order as the model ranks, meaning that river segments with 
the higher reproductive potential also had the higher number of eggs deposited and subsequent 
lower reproductive potential segments also had correspondingly lower egg deposition 
abundance. τ values range from -1 to +1 with values closer to +1 interpreted as perfect agreement 
between model and egg ranks, values closer to -1 interpreted as the groups are in inverse order of 
each other, and values closer to 0 interpreted as the data do not share the same a relationship.   
Results 
The reach from Red Rock dam to Ottumwa dam (76 rkm) and from the Ottumwa dam to 
the Des Moines River confluence with the Mississippi River (148 rkm) both provide sufficient 
distances to support Asian carp reproduction. Due to extensive channelization, sinuosity values 
ranged from 1.01 to 1.85. Only 6 out of the 46 river segments have sinuosity values greater than 
1.50 associated with a meandering characteristic most favorable for Asian Carp spawning 
(Appendix 19). Meandering segments were located within the first 20 rkm downstream both Red 
Rock and Ottumwa dams, within 10 rkm downstream of the sampling site at Keosauqua and 
within 15 rkm upstream of the sampling site near Keokuk (Figure 4.2). River segment gradient 
ranged from 1.22 to -4.88 m (Appendix 19); however, most segments drop 1 to 2 m between the 
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beginning and end of the river segment. Only river segment 30 immediately below Ottumwa 
Dam had a gradient drop of more than 2 meters and was rated as the best reproduction potential 
(Figure 4.2). Hardpoints per river segment ranged from 30 individual points in river segment 30 
associated with Ottumwa dam and several bridge abutments from city street over passes to zero 
hardpoints in fourteen separate segments (Figure 4.2; Appendix 19).  
During low water conditions, backwater habitat is confined to a few small areas below 
Ottumwa dam. Above the dam, backwater habitat is available from the lentic conditions created 
just upstream of the dam (Figure 4.3). During average and high water levels, sufficient water 
passes over the dam and returns the river to a flowing state above and below Ottumwa dam 
(Figure 4.3). Backwater habitat becomes available in the upper reaches of the Des Moines River 
above Ottumwa dam during average water conditions and increases throughout the Des Moines 
River as river levels crest over the banks and inundate floodplain areas. 
Ranking of each 5 rkm segment across all habitat variables for low, average, and high 
water levels yielded similar results for areas of high Asian Carp reproductive potential (Figure 
4.4). Areas that are ranked as the highest reproductive potential in all three water levels occur in 
river segments 44, 43, 38, 37, 30, 29, and 25. All these segments occur in the upper half of the 
Des Moines River. Additional river segments with high or moderately high potential are 
segments 17, 15, and 1. Low water levels substantially reduce the reproductive potential of river 
segments immediately upstream of Ottumwa dam, that otherwise have a moderate potential 
during higher river conditions (Figure 4.4). The lower reaches of the Des Moines River below 
river segment 15 have the lowest reproductive potential. However, segment 1 at the mouth 
retains a moderate potential in all river level conditions despite having the worst backwater 
habitat rank for all water level conditions. 
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Water level conditions for 2014 and 2015 were similar based on hydrographs from the 
nearest USGS gaging stations to our sampling sites (Figure 4.5). In both years, river levels 
remained near the mean daily average for each gaging site (Figure 4.5). However, three 
discharge events recorded at Ottumwa and Keosauqua in 2015 were close or exceeded to the 
minor flood stage resulting in high water level conditions. Additionally, a sustained increase in 
discharge started in mid-May in 2015 which was almost a full month earlier than in 2014. 
Calculated discharges required to achieve minimum velocities for egg suspension and drift 
revealed that discharge at all sites was sufficient in 2015 (Figure 4.5). In 2014, discharge 
sporadically exceeded minimum thresholds during four peak events from mid-April to mid-June 
before generally sustaining above the threshold through September. Water temperatures 
exceeded 18 °C on May 26 and remained between spawning optimum throughout the 2014 
sampling season. In 2015, water temperatures initially exceeded 18 °C on May 11 at Cliffland, 
Keosauqua and Keokuk, but dropped below spawning optimum shortly afterwards at Cliffland 
and Keosauqua. By May 31, all sites were within spawning temperatures and remained within 
optimum temperatures throughout the 2015 sampling season. 
A total of 845 eggs were collected in 2014 and 2,637 eggs were collected during 2015 
from the four sites in the Des Moines River. Genetic analysis was conducted on 129 eggs from 
2014 with no positive Asian Carp identifications and 291 eggs from 2015 were analyzed with 
155 (53%) positive Asian Carp identifications. Egg developmental stages 2 through 30 were 
observed with age estimates ranging from 0.8 to 30.5 h based on development and CTU. No 
Asian Carp eggs were caught in the Des Moines River in 2014. Drift distances for eggs collected 
in 2015 ranged from 0.8 to 38.1 rkm from point of origin based on age and channel velocity 
while drifting. Asian Carp eggs originated from various river segments throughout the study area 
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in 2015 (Figure 4.6). However, the highest frequency of eggs were deposited in river segments 2, 
3, and 4 accounting for 63% of all Asian Carp eggs (Table 4.1). All three of these segments were 
more sinuous (>1.30) and lacked measurable backwater habitat available due to the Mississippi 
River confluence being less than 25 rkm downstream. Hardpoints ranged from zero in segment 4 
to nine in segment 2 (Appendix 19). Overall, most eggs originated in segment three that ranked 
21 of 46 for Asian Carp reproduction potential in the average water level model and segments 
two (35 of 46) and four (44 of 46) ranked much lower. However, eggs were found within or just 
downstream of the highest reproductive potential in the upper portions of the Des Moines River. 
In the lower portions of the river, eggs generally originated in or near segments of marginal or 
the lowest reproductive potential. 
Eggs were deposited in segments classified as having the highest reproductive potential 
to segments classified as having the lowest and did not shared the same rank order as the low 
(Kendall’s τ=-0.13, P=0.27), average (Kendall’s τ=-0.15, P=0.18), or high (Kendall’s τ=-0.16, 
P=0.17) water level models when all variables for reproductive potential for considered. For 
each individual variable, the rank of eggs deposited in each segment were independent of the 
variable ranks for hardpoints (Kendall’s τ=0.08, P=0.50), sinuosity (Kendall’s τ=0.01, P=0.91), 
and river gradient (Kendall’s τ=-0.05, P=0.70), but were inversely correlated to backwater 
habitat availability during low (Kendall’s τ=-0.24, P=0.05), average (Kendall’s τ=-0.27, P=0.02), 
and high (Kendall’s τ=0.28, P=0.02) water levels.  
Discussion 
Habitat suitability models are designed to determine the most favorable locations for a 
specific event from a suite of habitat information and species requirements. Knowledge of 
potential Asian Carp reproduction locations are crucial for determining the likelihood of 
establishment in a system. Other studies have taken various approaches to discern potential 
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Asian Carp reproductive habitat while using the fundamental thermal and hydrologic 
reproductive requirements (Kolar et al. 2007). In this study, I assessed the thermal and velocity 
spawning requirements of Asian Carp similar to others (Koscovsky et al. 2012, Murphy and 
Jackson 2013), but I also incorporated topographic characteristics of a river that, to my 
knowledge, have only been utilized for continental wide range distribution models (Chen et al. 
2005, Poulos et al. 2012). Thermal requirements of water temperatures between 18 to 30 °C were 
achieved in the study area during the reported spawning season in 2014 and 2015. Undammed 
river lengths and corresponding river velocities were sufficiently above the minimum threshold 
to keep eggs in suspension until hatch throughout much of the Des Moines River, except above 
Ottumwa dam during low water conditions. In general, the Des Moines River from Red Rock 
dam to the mouth meets the basic requirements for Asian Carp reproduction. 
Comparisons of the origins of Asian Carp eggs to model predicted highly favorable 
reproductive river segments indicate that models developed in this study were unable to pinpoint 
areas where Asian Carp were most likely to reproduce. However, the models were able to predict 
reproduction in the upper portions of the Des Moines River, but were less successful at 
identifying areas where reproduction was documented in the lower reaches. The lower portions 
of the river were ranked lower mainly due to the lack of backwater habitat available in the Des 
Moines River proper. Even though backwater habitat is limited in the Des Moines River, 
abundant backwater habitat necessary for larvae rearing and survival can be found in the Upper 
Mississippi River (Sheaffer and Nickum 1986, Csoboth and Garvey 2008). Asian Carp spawning 
is thought to be triggered by a peak in river flow (Kolar et al. 2007). A rise in river levels in the 
Des Moines River would increase water velocity and turbulence resulting in decreased settling 
and associated mortality of eggs and larvae (George et al. 2015). Furthermore, a rise in river 
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levels would decrease travel time for larvae to reach the Upper Mississippi River. The ability of 
larvae to swim at hatch (Chapman and George 2013) would allow larvae to remain in the water 
column even in low velocity and less turbulent water and eventually migrate to backwater 
nursery habitats in the Upper Mississippi River. However, this study did not model backwater 
habitat availability in the Upper Mississippi River. Unimpeded access to the Upper Mississippi 
River is available to all Des Moines River segments, except the sections above Ottumwa dam 
during low water conditions. The magnitude of eggs deposited in the lower reaches of the Des 
Moines River closer to the Upper Mississippi River suggest spawning site location may be 
influenced by the proximity of abundant downstream backwater nursery habitats since backwater 
habitat within the Des Moines River is rare.  
The Des Moines River has been altered from its natural state through channelization, 
resulting in decreased sinuosity and steeper gradients (Zimmer and Bachman 1978). Similar to 
the Lower Missouri River (Deters et al. 2012), eggs were deposited in various segments of the 
Des Moines River. However, nearly two-thirds of all the eggs collected were deposited in the 
few sinuous river segments that still remain. Rivers with higher sinuosity naturally have a 
diversity of fast velocity and turbulent areas on outside river bends and calmer eddies on the 
inside river bends (Hall et al 1991). Asian Carp tend to prefer turbulent, fast flowing habitats to 
deposit eggs, such as the mixing waters at confluences (Shrank et al. 2001, Yi et al. 2006), rock 
rapids, bridge abutments, islands, and wing dikes (Kolar et al. 2007). These turbulent waters 
assist newly released eggs to remain suspended in the water column until water hardening when 
they are more neutrally buoyant and less prone to settling from the water column (Murphy and 
Jackson 2013). Even though eggs are more susceptible to settling before water hardening, higher 
mortality rates can occur if eggs settle at any developmental stage before hatching (George et al. 
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2015). Similarly to sinuosity, steeper river gradients can have profound effects on river behavior 
and characteristics (Rosgen 1994) and subsequently Asian Carp reproduction. Steeper gradients 
are likely to have faster velocities and higher turbulence to aid in egg suspension. The highest 
number of eggs deposited in a single segment was also one of the steepest gradients. However, 
the adjacent upstream and downstream segments had the lowest gradients and had the second 
and third highest frequency of eggs. Additionally, eggs deposited in surrounding river segments 
to the segment with the highest frequency of eggs may be due to the variation in back calculating 
drift distances. Egg development rates are highly correlated with water temperature (George and 
Chapman 2013). I used water temperature at the time of capture to model the development of 
each egg throughout its existence. In reality, eggs will endure diurnal temperature fluctuations 
that will change the development rate and time at each developmental stage. Using multiple 
water temperature measurements while an egg is in the drift may yield more accurate fertilization 
times and subsequent drift distances, but were not available for this study.  
Asian Carp eggs develop fast and only needed approximately 48 h to hatch at the lowest 
temperature recorded when Asian Carp eggs were captured in this study. Eggs collected in this 
study were in the drift for a short period of time (<31 h), resulting in drift distances of ≤38 rkm. 
Several eggs were near hatching when captured and had calculated drift times of 27 h since 
fertilization. The distance between sampling sites (41 to 78 rkm) was greater than the longest egg 
drift distance. Eggs may have been deposited and hatched entirely between sampling sites and 
were never vulnerable to capture. Recently, Grass Carp eggs were found in a 16 rkm section of 
the Sandusky River (Embke et al. 2016) and highlight shorter distances may be successfully 
utilized for reproduction. This may explain the lack of eggs originating from river segments 
beyond 38 rkm upstream of each sampling site to next upstream site. The presence of eggs at 
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nearly every river segment within 35 rkm of our sampling sites suggests spawning locations may 
ubiquitous throughout the Des Moines River.  
As Asian Carp continue to expand their range it will be vital to determine areas favorable 
for establishment. The application of suitability models to predict where Asian Carp may 
reproduce is an important management tool to determine where monitoring and control efforts 
should be focused. Asian Carp have displayed varied reproductive strategies in invaded ranges in 
North America (Chapman et al. 2013, Coulter et al. 2013) and elsewhere (Kolar et al. 2007) 
compared to their native range. The ability to reproduce in wide variety of novel environments 
likely promotes successful establishment and range expansion (Deacon et al. 2011). My models 
predicted specific sections of the Des Moines River that were likely to have a higher potential of 
Asian Carp reproduction occurring in river segments with more hardpoints, higher sinuosity, 
higher gradient, and more backwater habitat available downstream. Actual spawning locations 
based on back calculated travel distances of eggs suggest that these may not be the only factors 
determining where Asian Carp chose to spawn. For instance, Asian Carp travel long distances 
during the spawning season (Krykhtin and Gorbach 1981; Abdusamadov 1987) and may have 
migrated out of the Des Moines River to spawn elsewhere in more favorable conditions. In 2014, 
the absence of Asian Carp eggs in the Des Moines River may be due to better conditions in the 
nearby Upper Mississippi River. A large spawning event was witnessed in the Upper Mississippi 
River near the confluence of the Des Moines River with more than 1,600 Asian Carp eggs 
captured in a single ichthyoplankton tow (Chapter 3). Further, the absence of eggs in 2014, 
despite similar water velocity and temperature conditions to 2015, suggest Asian Carp 
reproduction may have high annual variability regardless the of presence of suitable habitat and 
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require additional investigations into reproductive requirements to create more efficient habitat 
models. 
Literature Cited 
Abdusamadov, A. S. 1987. Biology of White Amur, Ctenopharyngodon idella, Silver Carp, 
Hypophthalmichthys molitrix, and Bighead, Aristichthys nobilis, acclimatized in the 
Terek region of the Caspian Basin. Journal of Ichthyology 26(4):41–49. 
Allan, J. D., and M. M. Castillo. Stream ecology: structure and function of running waters. 
Springer Science & Business Media, 2007. Netherlands. 
Baerwaldt, K., A. Benson, and K. Irons. 2013. Asian Carp distribution in North America. Report 
to the Asian Carp Regional Coordinating Committee. 
(http://www.asiancarp.us/news/DistributionMaps.htm. Accessed 29 April 2016). 
Chapman, D. C., and A. E. George. 2011. Developmental rate and behavior of early life stages of 
Bighead Carp and Silver Carp. U.S. Geological Survey Scientific Investigations Report 
2011–5076, U.S. Geological Survey, Reston, VA.  
Chapman, D. C., J. J. Davis, J. A. Jenkins, P. M. Kocovsky, J. G. Miner, J. Farver, and P. R. 
Jackson. 2013. First evidence of Grass Carp recruitment in the Great Lakes Basin. 
Journal of Great Lakes Research. 39:547-554. 
Coulter, A. A., D. Keller, J. J. Amberg, E. J. Bailey, and R. R. Goforth. 2013. Phenotypic 
plasticity in the spawning traits of Bigheaded Carp (Hypophthalmichthys spp.) in novel 
ecosystems. Freshwater Biology 58(5):1029–1037. 
Cowardin, L. M., V. Carter, F. C. Golet, and E. T. LaRoe. 1979. Classification of wetlands and 
deepwater habitats of the United States. Department of the Interior. U.S. Fish and 
Wildlife Service, Washington, D.C.  
Cremer, M. C. and R. O Smitherman. 1980. Food habits and growth of Silver and Bighead Carp 
in cages and ponds. Aquaculture 20:57–64. 
Csoboth, L. A. and J. E. Garvey. 2008. Lateral exchange of larval fish between a restored 
backwater and a large river in the east-central USA. Transactions of the American 
Fisheries Society 137(1):33-44. 
Cuddington, K., W. J. S. Currie, and M. A. Koops. 2014. Could an Asian Carp population 
establish in the Great Lakes from a small introduction? Biological invasions 16(4):903-
917. 
DeGrandchamp, K. L., J. E. Garvey, and L. A. Csoboth. 2007. Linking adult reproduction and 
larval density of invasive carp in a large river. Transactions of the American Fisheries 
Society 136(5):1327–1334. 
114 
 
  
DeGrandchamp, K. L., J. E. Garvey, and R. E. Colombo. 2008. Movement and habitat selection 
by invasive Asian Carps in a large river. Transactions of the American Fisheries Society 
137(1):45–56. 
Deters, J. E., D. C. Chapman, and B. McElroy. 2013. Location and timing of Asian Carp 
spawning in the Lower Missouri River. Environmental Biology of Fishes 96(5):617–629. 
Embke, H. S., P. M. Kocovsky, C. A. Richter, J. J. Pritt, C. M. Mayer, and S. S. Qian. 2016. First 
direct confirmation of Grass Carp spawning in a Great Lakes tributary. Journal of Great 
Lakes Research 42(4):899-903. 
Freeze, M., and S. Henderson. 1982. Distribution and status of the Bighead Carp and Silver Carp 
in Arkansas. North American Journal of Fisheries Management 2(2):197–200. 
Garcia, T., E. A. Murphy, P. R. Jackson, and M. H. Garcia. 2015. Application of the fluEgg 
model to predict transport of Asian Carp eggs in the Saint Joseph River (Great Lakes 
tributary). Journal of Great Lakes Research 41(2):374–386. 
George, A. E., and D. C. Chapman. 2013. Aspects of embryonic and larval development in 
Bighead Carp (Hypophthalmichthys nobilis) and Silver Carp (Hypophthalmichthys 
molitrix). PLoS ONE 8(8):e73829. 
George, A. E., and D. C. Chapman. 2015. Embryonic and larval development and early Behavior 
in Grass Carp, Ctenopharyngodon idella: implications for recruitment in rivers. PLoS 
ONE 10(3): e0119023. 
George, A. E., D. C. Chapman, J. E. Deters, S. O. Erwin, and C.A. Hayer. 2015. Effects of 
sediment burial on Grass Carp, Ctenopharyngodon idella (Valenciennes, 1844), eggs. 
Journal of Applied Ichthyology 31(6):1120–1126. 
Hall, J. W., I. J. S Theodore, and S. D. Lamprecht. 1991. Movements and habitats of Shortnose 
Sturgeon, Acipenser Brevirostrum in the Savannah River. Copeia 3:695-702. 
Iowa Department of Natural Resources (IDNR). 2010. Generalized two foot contours of Lee 
County Iowa derived from lidar data. Available at 
ftp://ftp.igsb.uiowa.edu/gis_library/counties/Lee/contours_2ft_56.zip 
Iowa Geological Survey (IGS). 2010.  National wetland inventory remap and update, polygon 
features. Iowa Department of Natural Resources, Iowa Geological Survey, Iowa City, IA. 
https://programs.iowadnr.gov/nrgislibx/ 
Irons, K. S., S. A. DeLain, E. Gittinger, B. S. Ickes, C. S. Kolar, D. Ostendorf, E. N. Ratcliff, and 
Benson, A.J. 2009. Nonnative fishes in the Upper Mississippi River system: U.S. 
Geological Survey Scientific Investigations Report 2009–5176, U.S. Geological Survey, 
Reston, VA. 
Ivanova, N. V., T. S. Zemlak, R. H. Hanner, and P. D. N. Hebert. 2007. Universal primer 
cocktails for fish DNA barcoding. Molecular Ecology Notes 7(4):544–548. 
115 
 
  
Kearse, M., R. Moir, A. Wilson, S. Stones-Havas, M. Cheung, S. Sturrock, S. Buxton, A. 
Cooper, S. Markowitz, C. Duran, T. Thierer, B. Ashton, P. Meintjes, and A. Drummond. 
2012. Geneious Basic: An integrated and extendable desktop software platform for the 
organization and analysis of sequence data. Bioinformatics 28(12):1647–1649. 
Knight, W. R. 1966. A computer method for calculating Kendall’s Tau with ungrouped data. 
Journal of the American Statistical Association 61(1):436-439. 
Kolar, C., D. Chapman, W. Courtenay, C. Housel, J. Williams, and D. P. Jennings. 2007. 
Bigheaded Carps: A biological synopsis and environmental risk assessment. Special 
Publication 33. American Fisheries Society, Bethesda, MD. 
Krykhtin, M., and E. Gorbach. 1981. Reproductive ecology of the Grass Carp, 
Ctenopharyngodon idella, and the Silver Carp, Hypophthalmichthys molitrix, in the 
Amur Basin. Journal of Ichthyology 21(2):109–123. 
Murphy, E. A., and P. R. Jackson. 2013. Hydraulic and water-quality data collection for the 
investigation of Great Lakes tributaries for Asian Carp spawning and egg-transport 
suitability. US Geological Survey Scientific Investigations Report 2013–5106, U.S. 
Geological Survey, Reston, VA. 
Nico, L.G., J.D. Williams, and H.L. Jelks. 2005. Black carp: biological synopsis and risk 
assessment of an introduced fish. Special Publication 32. American Fisheries Society. 
Bethesda, MD. 
Papoulias, D. M., D. Chapman, and D. E. Tillitt. 2006. Reproductive condition and occurrence of 
intersex in Bighead Carp and Silver Carp in the Missouri River. Hydrobiologia 
571(1):355–360. 
Peters, L. M., M. A. Pegg, and U. G. Reinhardt. 2006. Movements of adult radio-tagged Bighead 
Carp in the Illinois River. Transactions of the American Fisheries Society 135(5):1205-
1212. 
Rosgen, D. L. 1994. A classification of natural rivers. Catena 22(3):169-199.  
Sass, G. G., T. R. Cook, K. S. Irons, M. A. McClelland, N. N. Michaels, T. M. O’Hara, and M. 
R. Stroub. 2010. A mark-recapture population estimate for invasive Silver Carp 
(Hypophthalmichthys molitrix) in the La Grange Reach, Illinois River. Biological 
Invasions 12(3):433–436. 
Schrank, S. J., P. J. Braaten, and C. S. Guy. 2001. Spatiotemporal variation in density of larval 
Bighead Carp in the Lower Missouri River. Transactions of the American Fisheries 
Society 130(5):809–814. 
Sheaffer, W. A. and J. G. Nickum. 1986. Backwater areas as nursery habitats for fishes in Pool 
13 of the Upper Mississippi River. Hydrobiologia 136(1):131-139. 
116 
 
  
Song, C. B., T. J. Near, and L. M. Page. 1998. Phylogenetic relations among percid fishes as 
inferred from mitochondrial Cytochromeb DNA sequence data. Molecular Phylogenetics 
and Evolution 10(3):343–353. 
Team Python. 2011. Calculate sinuosity. Available at http://www.ArcGIS.com.  
Widmer, A. M., J. J. Fluder, J. W. Kehmeier, C. N. Medley, and R. A. Valdez. 2012. Drift and 
retention of pelagic spawning minnow eggs in a regulated river. River Research and 
Applications 28(2):192-203. 
Williamson, C. J., and J. E. Garvey. 2005. Growth, fecundity, and diets of newly established 
Silver Carp in the Middle Mississippi River. Transactions of the American Fisheries 
Society 134(6): 1423–1430. 
U.S. Geological Survey (USGS). 2013. USGS water resources: of the United States: boundary 
descriptions and names of regions, subregions, accounting units and cataloging units. 
http://water.usgs.gov/GIS/huc_name.html#Region07. 
Yi, B., Z. Liang, Z. Yu, R. Lin, and M. He. 2006. A study of the early development of Grass 
Carp, Black Carp, Silver Carp and Bighead Carp of the Yangtze River. Pages 15-51 In D. 
C. Chapman, editor. Early development of four cyprinids native to the Yangtze River. 
U.S. Geological Survey Data Series 239, U.S. Geological Survey, Reston, VA. 
Zimmer, D. W. and R. W. Bachmann. 1978. Channelization and invertebrate drift in some Iowa 
streams. Journal of the American Water Resources Association 14(4): 868-883. 
117 
 
  
Table 4.1. Frequency of Bighead Carp, Grass Carp, Silver Carp, and total Asian Carp eggs 
originating from each river segment. River segments are listed from most upstream to 
downstream in location.  
River Segment Bighead Carp Grass Carp Silver Carp Total Asian Carp 
46 0 0 0 0 
45 0 0 0 0 
44 0 0 0 0 
43 0 0 0 0 
42 0 0 1 1 
41 2 0 1 3 
40 1 0 1 2 
39 0 0 0 0 
38 0 0 0 0 
37 0 0 0 0 
36 0 0 1 1 
35 0 0 0 0 
34 0 0 0 0 
33 0 0 0 0 
32 0 0 0 0 
31 0 0 1 1 
30 1 1 1 3 
29 0 0 0 0 
28 0 0 0 0 
27 0 0 0 0 
26 0 0 0 0 
25 0 0 0 0 
24 0 0 0 0 
23 0 0 0 0 
22 0 0 2 2 
21 0 1 5 6 
20 0 0 1 1 
19 0 2 3 5 
18 1 1 5 7 
17 0 0 1 1 
16 0 0 0 0 
15 0 0 0 0 
14 0 0 0 0 
13 0 0 0 0 
12 0 0 0 0 
11 0 0 0 0 
10 0 0 0 0 
9 0 1 0 1 
8 0 0 0 0 
7 0 1 2 3 
6 0 0 0 0 
5 0 1 5 6 
4 0 0 21 21 
3 1 0 49 50 
2 0 0 12 12 
1 0 0 6 6 
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Figure 4.1.  Sampling site (stars) and dams (squares) location in the Des Moines River, IA 
between the mouth and Red Rock dam.
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Figure 4.2. Reproduction potential of Asian Carp based on river sinuosity, number of hardpoints, 
and river gradient in the Des Moines River. Sinuosity (S) values were categorized as S > 1.50 = 
best (meandering), 1.25 < S < 1.50 = Good (twisted), 1.05 < S < 1.25 = marginal (winding), and 
S < 1.05 = poor (almost straight). The frequency of hardpoints (H) were categorized as 21 < H < 
30 = best, 11 < H < 20 = good, 1 < H < 10 = marginal, and H = 0 = poor. Gradient (G) values 
were categorized as -4.9 < G < -4.0 = best, -4.0 < G < -2.0 = good, -2 < G < 0 = marginal, and 0 
< G < 2 = poor.  
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Figure 4.3. Cumulative downstream backwater habitat availability starting 25 rkm below each 
river segment at low, average, and high water level conditions, locations of sampling sites, and 
dams in the Des Moines River, IA during 2014 and 2015. Sampling locations are named after the 
nearest town. Backwater surface area (km2) was categorized for the low water level as 0.36 < L < 
0.54 = best, 0.18 < L < 0.36 = good, 0 < L < 0.18 = marginal, and L=0 = poor, for the average 
water level as 2.32 < A < 3.5 km2 = best, 1.16 < A < 2.32 = good, 0 < A < 1.16 = marginal, and 
L=0 = poor, and for the high water level as 10.6 < H < 15.8 km2 = best, 5.2 < H < 10.6 = good, 0 
< H < 5.2 = marginal, and H=0 = poor.   
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Figure 4.4. Reproductive potential for Asian Carp in the Des Moines River during low, average, 
and high water level conditions. Numbers represent each 5 rkm segment starting at the mouth 
and ending at Red Rock dam. 
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Figure 4.5. Discharge during 2014 (black solid line) and 2015 (gray solid line) and the 10 year 
mean daily discharge (dashed dark grey line) for Tracy (A), Ottumwa (B), and Keosauqua (C) 
USGS gaging stations during the Asian Carp spawning season. Minor flooding stage defined by 
NOAA NWS represents the high water level (bold dash line). Minimum discharge needed to 
meet the velocity requirement to keep Asian Carp eggs in the drift (dotted line). 
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Figure 4.6. Frequency of Asian Carp eggs deposited in each river segment during 2014 and 2015 
based on back calculated drift distances. Sampling locations (stars) are named after the nearest 
town and dam locations are represented by the black squares.
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CHAPTER 5. GENERAL CONCLUSIONS 
 
Summary 
 Invasive Bighead Carp (Hypophthalmichthys nobilis), Silver Carp (H. molotrix), and 
Grass Carp (Ctenopharyngodon idella; collectively referred to as Asian Carp), have successfully 
established reproductive populations in the Middle Mississippi (Lohmeyer and Garvey 2008), 
Missouri (Shrank et al. 2001, Deters et al. 2012), Illinois (DeGrandchamp et al. 2007 ), Cache 
(Burr et al. 1996), and Wabash (Coulter et al. 2013) rivers.  Further expansion may be limited by 
the ability of adults to find suitable spawning habitat. Adult Asian Carp abundances have 
increased over the last decade in the Upper Mississippi River. A series of lock and dams have 
altered the hydrologic regime and riverine habitat in the Upper Mississippi River to resemble a 
system that is more lentic than lotic, possibly hindering Asian Carp reproduction (Lohmeyer and 
Garvey 2009). Alternatively, tributaries connected to the Upper Mississippi River may produce 
adequate spawning habitat for successful establishment to occur. However, it is not known if 
increases in Asian Carp abundance is due to migrants dispersing from established populations 
downstream or to local reproduction. In response to the expansion of Asian Carp into the Upper 
Mississippi River and tributaries in Iowa, my study set out to evaluate Asian Carp reproduction 
in the Des Moines, Skunk, Iowa, and Upper Mississippi River. First, I developed an alternative 
technique using morphological characteristics of ethanol preserved specimens to identify Asian 
Carp eggs. Second, I evaluated spatial distribution of egg and larval densities and temporal 
distribution of spawn dates. Third, I develop a geographical information system model to predict 
potential Asian Carp reproductive areas in the Des Moines River. 
  For my first objective, I utilized a random forests classification model to identify ethanol 
preserved Asian Carp eggs from in situ collections based on a suite of morphometric and 
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meristic properties of the egg. I explored several models to evaluate how aggregating species by 
genus or family affected the model’s ability to correctly identify an egg. I also fine-tuned the 
models to focus on correctly predicting Asian Carp with great success. In general, all models 
performed very well with the final model correctly identifying Asian Carp with a 98% success 
rate. Even though model success rate was high for Asian Carp, the model was not accurate for 
other species with small sample sizes.  Additional samples of native species are needed to 
improve the model’s accuracy. However, the model can be used to as a pre-screening technique 
to reduce the number of eggs submitted for genetic analysis, for supplemental identifications to 
existing protocols, or as a standalone procedure.  
In my second objective, I examined adult gonadosomatic index (GSI), gonad 
development, and egg and larvae spawn dates Furthermore, I examined differences in egg and 
larval densities in upriver versus downriver sections of three Upper Mississippi River tributaries 
as well as among tributary confluence sites with the mainstem Upper Mississippi River. 
Substantial decreases in adult GSI and increases in post spawn females based on gonad 
development coincided with the initial peaks in egg and larval densities. The majority of 
spawning occurred during late May to June, but eggs and larvae were found as late as August. 
All spawn dates occurred during periods when water temperatures within spawning optimum (18 
to 30 oC) when daily mean channel velocity was >0.7 m/s (Kolar et al. 2007, Kocovsky et al. 
2012). However, a rising limb of discharge was not necessary for spawning to occur. Egg and 
larval densities indicated that Asian Carp are spawning in the Des Moines, Iowa, and Skunk 
Rivers. Densities were higher in the downstream section near the confluence than in the upriver 
sections of each tributary. Densities in the Des Moines River were higher in the mainstem Upper 
Mississippi River downstream of the confluence in 2014, but were higher within the Des Moines 
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River in 2015. My results are the first documentation of successful Asian Carp reproduction in 
the Upper Mississippi River tributaries in Iowa. To fully understand the extent of future Asian 
Carp establishment in the Upper Mississippi River, we must assess tributaries connected to the 
impounded sections. Tributaries may provide the necessary spawning habitat lacking in the 
mainstem Mississippi River. Furthermore, survival and recruitment still needs to be evaluated for 
the Des Moines, Skunk, and Iowa rivers. Successful spawning and the presence of eggs and 
newly hatch larvae does not always translate to increased adult population abundance. I was 
unable to capture any juvenile Asian Carp, indicating survival of eggs and larval may be low or 
juveniles were not susceptible to my sampling gear. 
In my last objective, I created a geographical information system (GIS) based model 
using readily available public data to predict potential Asian Carp reproduction areas in the Des 
Moines River, IA during low, average and high water level conditions. Model predictions 
designated areas below Red Rock and Ottumwa dams and a large bend in the river near 
Keosauqua, IA as having high potential for Asian Carp reproductive. Model predictions were 
tested using field based sampling of eggs to determine model performance. Asian Carp eggs 
were not observed in 2014 and were caught in all sites in 2015. Back-calculated drift distances 
revealed that our model was able to predict reproductive areas in the upper reaches of the Des 
Moines River but was less successful in the lower reaches. Both 2014 and 2015 were average 
water years, but substantial variation in egg presence occurred indicating additional 
environmental mechanisms are driving the location of spawning. This study provides the 
framework for a simple tool to predict areas of potential Asian Carp reproduction. 
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APPENDIX 1. RANDOM FORESTS CONFUSION MATRIX DEPICTING FAMILY-LEVEL MODEL PERFORMANCE. 
NUMBERS REPRESENT THE FREQUENCY OF MODEL PREDICTED IDENTIFICATIONS (COLUMNS) TO THE 
GENETIC IDENTIFICATIONS (ROWS). THE OUT-OF-BOX ESTIMATE OF ERROR RATE WAS 4%. 
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Catostomidae 25 0 5 0 0 0 0 83% 
Clupeidae 0 1 2 0 0 0 0 33% 
Cyprinidae 1 0 776 0 0 0 8 99% 
Hiodontidae 3 0 2 1 0 0 0 17% 
Moronidae 0 0 12 0 4 0 2 22% 
Percidae 1 0 1 0 0 0 2 0% 
Sciaenidae 0 0 11 0 0 0 418 97% 
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APPENDIX 2. RANDOM FORESTS CONFUSION MATRIX DEPICTING GENUS-LEVEL MODEL PERFORMANCE. 
NUMBERS REPRESENT THE FREQUENCY OF MODEL PREDICTED IDENTIFICATIONS (COLUMNS) TO THE 
GENETIC IDENTIFICATIONS (ROWS). OUT-OF-BOX ESTIMATE OF ERROR RATE WAS 14%. 
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Alosa 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0% 
Aplodinotus 0 423 0 0 0 0 0 0 2 0 0 0 0 4 0 0 0 99% 
Carpiodes 0 1 4 0 0 0 0 0 0 2 0 0 0 3 0 0 0 40% 
Ctenopharyngodon 0 0 0 86 0 0 0 0 37 0 0 2 0 1 0 0 0 68% 
Cyprinella 0 3 1 0 2 0 0 0 0 0 0 0 0 0 0 0 0 33% 
Dorosoma 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 100% 
Etheostoma 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0% 
Hiodon 0 0 0 0 0 0 0 2 0 4 0 0 0 0 0 0 0 33% 
Hypophthalmichthys 0 1 0 29 0 0 0 0 318 0 0 3 0 9 0 0 0 88% 
Ictiobus 0 2 0 0 0 0 0 0 1 17 0 0 0 0 0 0 0 85% 
Luxilus 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0% 
Macrhybopsis 0 0 0 2 0 0 0 0 18 0 0 16 0 15 0 0 0 31% 
Morone 0 2 0 0 1 0 0 0 1 0 0 1 4 9 0 0 0 22% 
Notropis 0 5 0 0 0 0 0 0 3 0 0 1 2 225 0 0 0 95% 
Percina 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0% 
Pimephales 0 0 0 2 0 0 0 0 1 0 0 2 0 0 0 0 0 0% 
Sander 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0% 
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APPENDIX 3.  RANDOM FORESTS CONFUSION MATRIX DEPICTING SPECIES-LEVEL MODEL PERFORMANCE. 
NUMBERS REPRESENT THE FREQUENCY OF MODEL PREDICTED IDENTIFICATIONS (COLUMNS) TO THE 
GENETIC IDENTIFICATIONS (ROWS). OUT-OF-BOX ESTIMATE OF ERROR RATE WAS 21%. 
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Banded Darter 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Bighead Carp 0 1 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 
Bigmouth Buffalo 0 0 3 0 2 0 0 0 0 0 0 0 0 0 0 0 0 
Black Buffalo 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
Buffalo sp. 0 0 0 0 7 0 0 0 0 0 0 1 0 1 0 0 0 
Carpsuckers sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Channel Shiner 0 0 0 0 0 0 2 0 0 23 0 2 0 0 0 0 0 
Common Logperch 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
Common Shiner 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
Emerald Shiner 0 0 0 0 0 0 6 0 0 138 0 6 0 0 0 0 0 
Fathead Minnow 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 
Freshwater Drum 0 0 0 0 0 0 0 0 0 3 0 424 0 0 0 0 0 
Gizzard Shad 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 
Goldeye 0 0 1 0 0 0 0 0 0 0 0 0 0 3 0 0 0 
Grass Carp 0 0 0 0 0 0 0 0 0 2 0 0 0 0 92 0 0 
Quillback 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
River Carpsucker 0 0 0 0 1 0 0 0 0 1 0 2 0 0 0 0 4 
River Shiner 0 0 0 0 0 0 1 0 0 9 0 0 0 0 0 0 0 
Sand Shiner 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Shiner sp. 0 0 0 0 0 0 2 0 0 18 0 0 0 0 0 0 0 
Silver Carp 0 1 0 0 0 0 2 0 0 6 0 1 0 0 29 0 0 
Silver Chub 0 0 0 0 0 0 1 0 0 7 0 1 0 0 3 0 0 
Skipjack Shad 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
Smallmouth Buffalo 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
Speckled Chub 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 
Spotfin Shiner 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 1 
Striped Bass 0 0 0 0 0 0 0 0 0 6 0 2 0 0 0 0 0 
Walleye 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 
White Bass 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
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APPENDIX 3. (CONTINUED). 
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Banded Darter 0 0 0 1 0 0 0 0 0 0 0 0 0% 
Bighead Carp 0 0 0 8 0 0 0 0 0 0 0 0 8% 
Bigmouth Buffalo 0 0 0 1 0 0 1 0 0 0 0 0 43% 
Black Buffalo 0 0 0 0 0 0 0 0 0 0 0 0 0% 
Buffalo sp. 0 0 0 0 0 0 1 0 0 0 0 0 70% 
Carpsuckers sp. 0 0 1 0 0 0 0 0 0 0 0 0 0% 
Channel Shiner 0 0 5 0 0 0 0 0 0 0 0 0 6% 
Common Logperch 0 0 0 0 0 0 0 0 0 0 0 0 0% 
Common Shiner 0 0 0 0 0 0 0 0 0 0 0 0 0% 
Emerald Shiner 1 0 2 4 0 0 0 0 0 0 0 0 88% 
Fathead Minnow 0 0 0 2 1 0 0 0 0 0 0 0 0% 
Freshwater Drum 0 0 0 2 0 0 0 0 0 0 0 0 99% 
Gizzard Shad 0 0 0 0 0 0 0 0 0 0 0 0 100% 
Goldeye 0 0 0 2 0 0 0 0 0 0 0 0 50% 
Grass Carp 0 0 0 30 2 0 0 0 0 0 0 0 73% 
Quillback 0 0 0 0 0 0 0 0 0 0 0 0 0% 
River Carpsucker 0 0 0 0 0 0 0 0 0 0 0 0 50% 
River Shiner 1 0 2 0 0 0 0 0 0 0 0 0 8% 
Sand Shiner 0 0 1 0 0 0 0 0 0 0 0 0 0% 
Shiner sp. 1 0 12 0 0 0 0 0 0 0 0 0 36% 
Silver Carp 1 0 0 306 1 0 0 0 0 0 0 0 88% 
Silver Chub 0 0 0 14 10 0 0 0 0 0 0 0 28% 
Skipjack Shad 0 0 0 0 0 0 0 0 0 0 0 0 0% 
Smallmouth Buffalo 0 0 0 0 0 0 0 0 0 0 0 0 0% 
Speckled Chub 0 0 0 2 3 0 0 2 0 0 0 0 13% 
Spotfin Shiner 0 0 0 0 0 0 0 0 2 0 0 0 33% 
Striped Bass 1 0 0 2 1 0 0 0 1 4 0 0 24% 
Walleye 0 0 0 0 0 0 0 0 0 0 0 0 0% 
White Bass 0 0 0 0 0 0 0 0 0 0 0 0 0% 
132 
 
  
1
3
2 
APPENDIX 4. RANDOM FORESTS CONFUSION MATRIX DEPICTING ASIAN CARP AND NON-ASIAN CARP 
FAMILY-LEVEL MODEL PERFORMANCE. NUMBERS REPRESENT THE FREQUENCY OF MODEL PREDICTED 
IDENTIFICATIONS (COLUMNS) TO THE GENETIC IDENTIFICATIONS (ROWS). THE OUT-OF-BOX ERROR 
ESTIMATE IS 6%. 
   Predicted Identification 
  
Family 
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Class 
Prediction 
Success 
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 Asian Carp 469 0 0 16 0 0 0 1 97% 
Catostomidae 1 24 0 4 0 0 0 1 80% 
Clupeidae 0 0 0 3 0 0 0 0 0% 
Cyprinidae 24 1 0 267 0 0 0 7 89% 
Hiodontidae 0 2 0 0 4 0 0 0 67% 
Moronidae 1 0 0 12 0 3 0 2 17% 
Percidae 1 2 0 0 0 0 0 1 0% 
Sciaenidae 2 0 0 4 0 0 0 423 99% 
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APPENDIX 5. RANDOM FORESTS CONFUSION MATRIX DEPICTING ASIAN CARP AND NON-ASIAN CARP 
GENUS-LEVEL MODEL PERFORMANCE. NUMBERS REPRESENT THE FREQUENCY OF MODEL PREDICTED 
IDENTIFICATIONS (COLUMNS) TO THE GENETIC IDENTIFICATIONS (ROWS). THE OUT-OF-BOX ERROR 
ESTIMATE IS 8%. 
    Predicted Identification   
  
Genus 
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Asian Carp 471 0 1 0 0 0 0 0 0 0 3 0 11 0 0 0 97% 
Alosa 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0% 
Aplodinotus 2 0 423 0 0 0 0 0 0 0 0 0 4 0 0 0 99% 
Carpiodes 0 0 0 5 0 0 0 0 2 0 0 0 3 0 0 0 50% 
Cyprinella 0 0 3 1 2 0 0 0 0 0 0 0 0 0 0 0 33% 
Dorosoma 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 100% 
Etheostoma 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0% 
Hiodon 0 0 0 0 0 0 0 4 2 0 0 0 0 0 0 0 67% 
Ictiobus 1 0 1 0 0 0 0 0 17 0 0 0 1 0 0 0 85% 
Luxilus 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0% 
Macrhybopsis 21 0 0 0 0 0 0 0 0 0 17 0 13 0 0 0 33% 
Morone 1 0 2 0 1 0 0 0 0 0 1 4 9 0 0 0 22% 
Notropis 5 0 5 0 0 0 0 0 0 0 3 1 222 0 0 0 94% 
Percina 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0% 
Pimephales 4 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0% 
Sander 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0% 
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APPENDIX 6. RANDOM FORESTS CONFUSION MATRIX DEPICTING ASIAN CARP SPECIES-LEVEL MODEL 
PERFORMANCE. NUMBERS REPRESENT THE FREQUENCY OF MODEL PREDICTED IDENTIFICATIONS 
(COLUMNS) TO THE GENETIC IDENTIFICATIONS (ROWS). THE OUT-OF-BOX ERROR ESTIMATE IS 14%. 
    Predicted Identification 
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Asian Carp 472 0 0 0 0 0 2 0 0 8 0 1 0 0 0 0 
Banded Darter 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Bigmouth Buffalo 1 0 3 0 2 0 0 0 0 0 0 0 0 0 0 0 
Black Buffalo 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
Buffalo sp. 0 0 0 0 7 0 0 0 0 0 0 1 0 1 0 0 
Carpsuckers sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Channel Shiner 0 0 0 0 0 0 4 0 0 20 0 2 0 0 0 0 
Common Logperch 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
Common Shiner 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
Emerald Shiner 5 0 0 0 0 0 6 0 0 140 0 4 0 0 0 0 
Fathead Minnow 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Freshwater Drum 2 0 0 0 0 0 0 0 0 3 0 424 0 0 0 0 
Gizzard Shad 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 
Goldeye 0 0 1 0 1 0 0 0 0 0 0 0 0 4 0 0 
Quillback 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
River Carpsucker 0 0 0 0 1 0 0 0 0 1 0 1 0 0 0 5 
River Shiner 0 0 0 0 0 0 1 0 0 9 0 0 0 0 0 0 
Sand Shiner 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Shiner sp. 0 0 0 0 0 0 4 0 0 15 0 0 0 0 0 0 
Silver Chub 20 0 0 0 0 0 1 0 0 6 0 0 0 0 0 0 
Skipjack Shad 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
Smallmouth Buffalo 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 
Speckled Chub 2 0 0 0 0 0 0 0 0 7 0 0 0 0 0 0 
Spotfin Shiner 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 1 
Striped Bass 1 0 0 0 0 0 0 0 0 9 0 2 0 0 0 0 
Walleye 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 
White Bass 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
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APPENDIX 6. (CONTINUED). 
     Predicted Identification   
  
Species 
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Asian Carp 1 0 0 0 0 0 0 0 0 0 97% 
Banded Darter 0 0 0 0 0 0 0 0 0 0 0% 
Bigmouth Buffalo 0 0 0 0 1 0 0 0 0 0 43% 
Black Buffalo 0 0 0 0 0 0 0 0 0 0 0% 
Buffalo sp. 0 0 0 0 1 0 0 0 0 0 70% 
Carpsuckers sp. 0 0 1 0 0 0 0 0 0 0 0% 
Channel Shiner 0 0 6 0 0 0 0 0 0 0 13% 
Common Logperch 0 0 0 0 0 0 0 0 0 0 0% 
Common Shiner 0 0 0 0 0 0 0 0 0 0 0% 
Emerald Shiner 1 0 1 0 0 0 0 0 0 0 89% 
Fathead Minnow 0 0 0 0 0 0 0 0 0 0 0% 
Freshwater Drum 0 0 0 0 0 0 0 0 0 0 99% 
Gizzard Shad 0 0 0 0 0 0 0 0 0 0 0% 
Goldeye 0 0 0 0 0 0 0 0 0 0 67% 
Quillback 0 0 0 0 0 0 0 0 0 0 0% 
River Carpsucker 0 0 0 0 0 0 0 0 0 0 63% 
River Shiner 1 0 2 0 0 0 0 0 0 0 8% 
Sand Shiner 0 0 1 0 0 0 0 0 0 0 0% 
Shiner sp. 0 0 14 0 0 0 0 0 0 0 42% 
Silver Chub 0 0 0 0 0 0 0 0 0 0 25% 
Skipjack Shad 0 0 0 0 0 0 0 0 0 0 0% 
Smallmouth Buffalo 0 0 0 0 0 0 0 0 0 0 0% 
Speckled Chub 0 0 0 0 0 3 0 0 0 0 20% 
Spotfin Shiner 0 0 0 0 0 0 2 0 0 0 33% 
Striped Bass 0 0 0 0 0 0 1 4 0 0 24% 
Walleye 0 0 0 0 0 0 0 0 0 0 0% 
White Bass 0 0 0 0 0 0 0 0 0 0 0% 
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APPENDIX 7. RANDOM FORESTS CONFUSION MATRIX DEPICTING THE REDUCED ASIAN CARP SPECIES-
LEVEL MODEL. NUMBERS REPRESENT THE FREQUENCY OF MODEL PREDICTED IDENTIFICATIONS 
(COLUMNS) TO THE GENETIC IDENTIFICATIONS (ROWS). OUT-OF-BOX ERROR ESTIMATE IS 15%. 
    Predicted Identification 
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Asian Carp 476 0 0 0 0 0 2 0 0 7 0 0 0 0 0 0 
Banded Darter 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Bigmouth Buffalo 1 0 2 0 3 0 0 0 0 0 0 0 0 0 0 0 
Black Buffalo 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
Buffalo sp. 0 0 0 0 7 0 0 0 0 0 0 1 0 1 0 0 
Carpsuckers sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Channel Shiner 0 0 0 0 0 0 4 0 0 21 0 2 0 0 0 0 
Common Logperch 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
Common Shiner 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
Emerald Shiner 3 0 0 0 0 0 7 0 0 134 0 9 0 0 0 0 
Fathead Minnow 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Freshwater Drum 3 0 0 0 0 0 1 0 0 5 0 419 0 0 0 0 
Gizzard Shad 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 
Goldeye 1 0 1 0 0 0 0 0 0 0 0 0 0 4 0 0 
Quillback 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
River Carpsucker 0 0 0 0 1 0 0 0 0 1 0 5 0 0 0 1 
River Shiner 0 0 0 0 0 0 1 0 0 9 0 1 0 0 0 0 
Sand Shiner 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Shiner sp. 0 0 0 0 0 0 4 0 0 13 0 1 0 0 0 0 
Silver Chub 18 0 0 0 0 0 1 0 0 7 0 0 0 0 0 0 
Skipjack Shad 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
Smallmouth Buffalo 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 
Speckled Chub 3 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 
Spotfin Shiner 0 0 0 0 0 0 0 0 0 0 0 6 0 0 0 0 
Striped Bass 2 0 0 0 0 0 0 0 0 6 0 5 0 0 0 0 
Walleye 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 
White Bass 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
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APPENDIX 7. (CONTINUED). 
       Predicted Identification   
  
Species 
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Asian Carp 1 0 0 0 0 0 0 0 0 0 0 98% 
Banded Darter 0 0 0 0 0 0 0 0 0 0 0 0% 
Bigmouth Buffalo 0 0 0 0 0 1 0 0 0 0 0 29% 
Black Buffalo 0 0 0 0 0 0 0 0 0 0 0 0% 
Buffalo sp. 0 0 0 0 0 1 0 0 0 0 0 70% 
Carpsuckers sp. 1 0 0 0 0 0 0 0 0 0 0 0% 
Channel Shiner 0 0 5 0 0 0 0 0 0 0 0 13% 
Common Logperch 0 0 0 0 0 0 0 0 0 0 0 0% 
Common Shiner 0 0 0 0 0 0 0 0 0 0 0 0% 
Emerald Shiner 0 0 1 2 0 0 1 0 0 0 0 85% 
Fathead Minnow 0 0 0 1 0 0 0 0 0 0 0 0% 
Freshwater Drum 0 0 1 0 0 0 0 0 0 0 0 98% 
Gizzard Shad 0 0 0 0 0 0 0 0 0 0 0 0% 
Goldeye 0 0 0 0 0 0 0 0 0 0 0 67% 
Quillback 0 0 0 0 0 0 0 0 0 0 0 0% 
River Carpsucker 0 0 0 0 0 0 0 0 0 0 0 13% 
River Shiner 1 0 1 0 0 0 0 0 0 0 0 8% 
Sand Shiner 0 0 1 0 0 0 0 0 0 0 0 0% 
Shiner sp. 0 0 15 0 0 0 0 0 0 0 0 45% 
Silver Chub 0 0 0 9 0 0 0 0 1 0 0 25% 
Skipjack Shad 0 0 0 0 0 0 0 0 0 0 0 0% 
Smallmouth Buffalo 0 0 0 0 0 0 0 0 0 0 0 0% 
Speckled Chub 0 0 0 1 0 0 3 0 0 0 0 20% 
Spotfin Shiner 0 0 0 0 0 0 0 0 0 0 0 0% 
Striped Bass 0 0 0 0 0 0 0 0 4 0 0 24% 
Walleye 0 0 0 0 0 0 0 0 0 0 0 0% 
White Bass 0 0 0 0 0 0 0 0 0 0 0 0% 
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APPENDIX 8. GONAD CLASSIFICATION KEY FOR FEMALE AND MALE ASIAN CARP. 
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APPENDIX 8. (CONTINUED).
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APPENDIX 9. MEAN (±1SE) GONADOSOMATIC INDEX (GSI; [WET GONAD 
WEIGHT/WET BODY WEIGHT] X 100) OF FEMALE SILVER CARP, BIGHEAD 
CARP, SILVER X BIGHEAD HYBRIDS, AND GRASS CARP CAPTURED APRIL 
THROUGH OCTOBER 2014 AND 2015 ACROSS ALL SITES. GRASS CARP GSI WAS 
NOT EVALUTED IN 2014.   
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APPENDIX 10. PROPORTION OF FEMALE (TOP) AND MALE (BOTTOM) BIGHEAD 
CARP GONAD DEVELOPMENT STAGES FROM APRIL THROUGH OCTOBER IN 
2014 (LEFT) AND 2015 (RIGHT). STAGES OF GONADAL DEVELOPMENT: STAGE 1 
= NO GONADS VISIBLE, STAGE 2 =THREAD-LIKE OVARIES OR TESTES, STAGE 3 
= SMALL OVARIES WITH SOME OOCYTES VISIBLE BUT SMALL IN SIZE OR 
SMALL TESTES, STAGE 4 = LARGE OVARIES FULL OF MATURE OOCYTES OR 
LARGE TESTES WITH FOLDS THAT DO NOT RELEASE MILT WHEN THE 
ABDOMEN IS GENTLY SQUEEZED, STAGE 5 = RIPE FEMALE RELEASES EGGS 
OR RIPE MALE RELEASES MILT WHEN ABDOMEN IS GENTLY SQUEEZED, 
STAGE 6 = OVARIES THAT ARE AT LEAST PARTIALLY SPENT OR MILT IS NOT 
RELEASED WHEN ABDOMEN IS GENTLY SQUEEZED AND TESTES ARE AT 
LEAST PARTIALLY SPENT AND SUBSTANTIALLY SMALLER NEAR THE ANAL 
VENT THAN ANTERIORLY, RESORPTION = OVARIES WITH OVERRIPE 
OOCYTES. 
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APPENDIX 11. PROPORTION OF FEMALE (TOP) AND MALE (BOTTOM) GRASS 
CARP GONAD DEVELOPMENT STAGES BY MONTH SAMPLED DURING APRIL 
THROUGH OCTOBER IN 2014 (LEFT) AND 2015 (RIGHT). STAGES OF GONADAL 
DEVELOPMENT: STAGE 1 = NO GONADS VISIBLE, STAGE 2 =THREAD-LIKE 
OVARIES OR TESTES, STAGE 3 = SMALL OVARIES WITH SOME OOCYTES 
VISIBLE BUT SMALL IN SIZE OR SMALL TESTES, STAGE 4 = LARGE OVARIES 
FULL OF MATURE OOCYTES OR LARGE TESTES WITH FOLDS THAT DO NOT 
RELEASE MILT WHEN THE ABDOMEN IS GENTLY SQUEEZED, STAGE 5 = RIPE 
FEMALE RELEASES EGGS OR RIPE MALE RELEASES MILT WHEN ABDOMEN IS 
GENTLY SQUEEZED, STAGE 6 = OVARIES THAT ARE AT LEAST PARTIALLY 
SPENT OR MILT IS NOT RELEASED WHEN ABDOMEN IS GENTLY SQUEEZED 
AND TESTES ARE AT LEAST PARTIALLY SPENT AND SUBSTANTIALLY 
SMALLER NEAR THE ANAL VENT THAN ANTERIORLY, RESORPTION = 
OVARIES WITH OVERRIPE OOCYTES. 
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APPENDIX 12. PROPORTION OF FEMALE (TOP) AND MALE (BOTTOM) BIGHEAD 
X SILVER CARP HYBRID GONAD DEVELOPMENT STAGES SAMPLED BY 
MONTH DURING APRIL THROUGH OCTOBER IN 2014 (LEFT) AND 2015 (RIGHT). 
HYBRIDS WERE DETERMINED BY THE PRESENCE OF TWISTED GILL RAKERS. 
STAGES OF GONADAL DEVELOPMENT: STAGE 1 = NO GONADS VISIBLE, 
STAGE 2 =THREAD-LIKE OVARIES OR TESTES, STAGE 3 = SMALL OVARIES 
WITH SOME OOCYTES VISIBLE BUT SMALL IN SIZE OR SMALL TESTES, STAGE 
4 = LARGE OVARIES FULL OF MATURE OOCYTES OR LARGE TESTES WITH 
FOLDS THAT DO NOT RELEASE MILT WHEN THE ABDOMEN IS GENTLY 
SQUEEZED, STAGE 5 = RIPE FEMALE RELEASES EGGS OR RIPE MALE 
RELEASES MILT WHEN ABDOMEN IS GENTLY SQUEEZED, STAGE 6 = OVARIES 
THAT ARE AT LEAST PARTIALLY SPENT OR MILT IS NOT RELEASED WHEN 
ABDOMEN IS GENTLY SQUEEZED AND TESTES ARE AT LEAST PARTIALLY 
SPENT AND SUBSTANTIALLY SMALLER NEAR THE ANAL VENT THAN 
ANTERIORLY, RESORPTION = OVARIES WITH OVERRIPE OOCYTES. 
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APPENDIX 13. PROPORTION OF FEMALE (TOP) AND MALE (BOTTOM) SILVER 
CARP GONAD DEVELOPMENT STAGES SAMPLED BY MONTH DURING APRIL 
THROUGH OCTOBER IN 2014 (LEFT) AND 2015 (RIGHT). STAGES OF GONADAL 
DEVELOPMENT: STAGE 1 = NO GONADS VISIBLE, STAGE 2 =THREAD-LIKE 
OVARIES OR TESTES, STAGE 3 = SMALL OVARIES WITH SOME OOCYTES 
VISIBLE BUT SMALL IN SIZE OR SMALL TESTES, STAGE 4 = LARGE OVARIES 
FULL OF MATURE OOCYTES OR LARGE TESTES WITH FOLDS THAT DO NOT 
RELEASE MILT WHEN THE ABDOMEN IS GENTLY SQUEEZED, STAGE 5 = RIPE 
FEMALE RELEASES EGGS OR RIPE MALE RELEASES MILT WHEN ABDOMEN IS 
GENTLY SQUEEZED, STAGE 6 = OVARIES THAT ARE AT LEAST PARTIALLY 
SPENT OR MILT IS NOT RELEASED WHEN ABDOMEN IS GENTLY SQUEEZED 
AND TESTES ARE AT LEAST PARTIALLY SPENT AND SUBSTANTIALLY 
SMALLER NEAR THE ANAL VENT THAN ANTERIORLY, RESORPTION = 
OVARIES WITH OVERRIPE OOCYTES. 
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APPENDIX 14. AVERAGE EGG DENSITIES (NUMBER/100 M3) ±1SE FOR NON-
ASIAN CARP TAXONOMIC GROUP BY SAMPLING SESSION COLLECTED IN THE 
IN THE UPRIVER AND DOWNRIVER SECTIONS OF THE DES MOINES, IOWA, 
AND SKUNK RIVERS OF SOUTHEASTERN IOWA DURING 2014 AND 2015. 
Taxonomic Group Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/m3)  
Banded Darter 2014 May 26 Iowa  Upriver 0.88 (0.88) 
Bigmouth Buffalo 
2014 May 5 Des Moines  Upriver 2.78 (2.78) 
2015 
Apr 22 Des Moines  Downriver 0.90 (0.90) 
Apr 22 Des Moines  Upriver 0.41 (0.41) 
May 31 Des Moines  Upriver 0.18 (0.18) 
May 1 Iowa  Downriver 0.64 (0.64) 
May 1 Iowa  Upriver 0.72 (0.72) 
Black Buffalo 2014 May 5 Iowa  Upriver 5.56 (5.56) 
Buffalo sp. 2014 
May 5 Des Moines  Upriver 0.79 (0.79) 
May 5 Iowa  Downriver 0.96 (0.61) 
May 5 Iowa  Upriver 11.54 (7.18) 
Carpsuckers sp. 2015 Jun 24 Iowa  Upriver 4.96 (4.96) 
Channel Shiner 
2014 
May 26 Iowa  Downriver 8.77 (8.77) 
May 26 Iowa  Upriver 0.49 (0.49) 
Jun 3 Iowa  Upriver 0.97 (0.97) 
Jun 11 Iowa  Downriver 22.14 (17.68) 
Jun 11 Iowa  Upriver 12.68 (11.4) 
Aug 5 Iowa  Downriver 1.35 (1.35) 
Aug 14 Iowa  Upriver 3.40 (2.84) 
Aug 22 Iowa  Downriver 7.47 (5.97) 
Aug 30 Iowa  Downriver 5.00 (5.00) 
2015 
May 20 Iowa  Upriver 5.66 (3.88) 
Jun 10 Iowa  Downriver 15.98 (10.13) 
Jun 10 Iowa  Upriver 18.96 (15.26) 
Jun 24 Iowa  Upriver 4.96 (4.96) 
Common Logperch 2014 May 5 Iowa  Downriver 0.34 (0.34) 
Common Shiner 2015 Jul 10 Iowa  Downriver 4.34 (4.34) 
Emerald Shiner 2014 
May 26 Des Moines  Downriver 7.15 (7.15) 
Jun 3 Des Moines  Downriver 28.62 (28.62) 
Jun 11 Des Moines  Downriver 0.36 (0.36) 
May 26 Iowa  Downriver 149.78 (94.58) 
  May 26 Iowa  Upriver 22.46 (13.66) 
  Jun 3 Iowa  Downriver 10.49 (8.65) 
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APPENDIX 14. (CONTINUED). 
Taxonomic Group Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/m3)  
Emerald Shiner 
2014 
Jun 11 Iowa  Downriver 49.97 (29.00) 
Jul 27 Iowa  Downriver 24.27 (24.27) 
Aug 22 Iowa  Downriver 0.69 (0.69) 
Jun 3 Skunk  Downriver 2.64 (2.64) 
Jun 18 Skunk  Downriver 34.78 (34.78) 
Aug 5 Skunk  Downriver 4.29 (4.29) 
2015 
May 31 Des Moines  Downriver 4.46 (4.46) 
Jun 10 Des Moines  Upriver 46.51 (32.02) 
Jul 10 Des Moines  Upriver 0.87 (0.63) 
May 11 Iowa  Downriver 1.11 (0.76) 
May 11 Iowa  Upriver 1.03 (1.03) 
May 20 Iowa  Downriver 15.61 (7.05) 
May 20 Iowa  Upriver 34.61 (18.25) 
May 31 Iowa  Downriver 0.50 (0.50) 
Jun 10 Iowa  Downriver 94.31 (33.57) 
Jun 10 Iowa  Upriver 18.89 (12.93) 
Jun 24 Iowa  Downriver 4.47 (4.47) 
Jul 10 Iowa  Downriver 2.66 (2.66) 
Jul 20 Iowa  Upriver 1.22 (1.22) 
Jul 30 Iowa  Downriver 3.71 (1.80) 
Aug 9 Iowa  Downriver 3.79 (2.47) 
May 31 Skunk  Downriver 0.92 (0.92) 
Jun 24 Skunk  Downriver 0.50 (0.50) 
Jul 20 Skunk  Downriver 5.34 (5.34) 
Fathead Minnow 
2014 
Jun 3 Des Moines  Upriver 1.73 (1.73) 
May 26 Iowa  Downriver 3.00 (3.00) 
Jun 3 Iowa  Downriver 1.66 (1.66) 
2015 
May 11 Des Moines  Upriver 2.00 (2.00) 
Jun 10 Iowa  Upriver 3.74 (3.74) 
Freshwater Drum 2014 
May 26 Des Moines  Downriver 80.23 (43.71) 
May 26 Des Moines  Upriver 1.75 (1.17) 
Jun 3 Des Moines  Downriver 213.21 (101.75) 
Jun 3 Des Moines  Upriver 1.73 (1.73) 
Jun 11 Des Moines  Downriver 9.63 (6.38) 
Jun 11 Des Moines  Upriver 23.97 (16.79) 
Jun 18 Des Moines  Downriver 152.83 (69.89) 
Jul 20 Des Moines  Downriver 4.06 (2.57) 
 
147 
 
  
APPENDIX 14. (CONTINUED). 
Taxonomic Group Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/m3)  
Freshwater Drum 
 
 
2014 
Jul 27 Des Moines  Downriver 6.37 (4.23) 
Jul 27 Des Moines  Upriver 2.55 (1.69) 
Aug 5 Des Moines  Upriver 0.18 (0.18) 
Aug 22 Des Moines  Downriver 0.40 (0.40) 
May 26 Iowa  Downriver 110.99 (62.72) 
May 26 Iowa  Upriver 9.80 (9.80) 
Jun 3 Iowa  Downriver 45.56 (29.03) 
Jun 3 Iowa  Upriver 27.75 (18.64) 
Jul 20 Iowa  Downriver 45.68 (36.65) 
Jul 27 Iowa  Downriver 145.76 (117.03) 
Aug 5 Iowa  Downriver 17.45 (9.52) 
Aug 5 Iowa  Upriver 0.22 (0.22) 
Aug 14 Iowa  Downriver 5.62 (4.74) 
Aug 22 Iowa  Downriver 3.76 (3.76) 
May 26 Skunk  Downriver 185.44 (66.35) 
May 26 Skunk  Upriver 1.12 (0.72) 
Jun 3 Skunk  Downriver 8.07 (6.61) 
Jun 3 Skunk  Upriver 5.41 (2.05) 
Jun 18 Skunk  Downriver 453.91 (179.81) 
Jul 27 Skunk  Downriver 3.06 (2.12) 
Aug 5 Skunk  Downriver 4.15 (2.17) 
Aug 14 Skunk  Downriver 115.04 (66.57) 
2015 
May 11 Des Moines  Upriver 20.09 (15.99) 
May 20 Des Moines  Downriver 9.20 (5.58) 
May 20 Des Moines  Upriver 1.63 (1.63) 
May 20 Des Moines  Upriver 0.45 (0.45) 
May 31 Des Moines  Downriver 4.46 (4.46) 
May 31 Des Moines  Upriver 5.21 (3.65) 
Jun 10 Des Moines  Upriver 66.4 (50.8) 
Jun 29 Des Moines  Downriver 0.84 (0.84) 
Jun 29 Des Moines  Upriver 6.79 (6.29) 
Jul 30 Des Moines  Upriver 1.31 (1.31) 
May 11 Iowa  Downriver 0.74 (0.74) 
May 20 Iowa  Downriver 0.40 (0.40) 
May 31 Iowa  Downriver 0.70 (0.70) 
Jun 10 Iowa  Downriver 3.27 (3.27) 
Jun 24 Iowa  Downriver 17.88 (17.88) 
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Taxonomic Group Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/m3)  
Freshwater Drum 2015 
Jun 24 Iowa  Upriver 4.96 (4.96) 
Jun 29 Iowa  Upriver 0.39 (0.39) 
Jul 10 Iowa  Downriver 2.66 (2.66) 
Jul 10 Iowa  Upriver 5.23 (5.23) 
Jul 20 Iowa  Downriver 0.31 (0.31) 
May 11 Skunk  Downriver 9.32 (7.29) 
May 20 Skunk  Downriver 1.36 (0.88) 
May 31 Skunk  Downriver 1.82 (1.82) 
Jun 10 Skunk  Downriver 30.16 (19.48) 
Jun 24 Skunk  Downriver 6.12 (2.27) 
Jul 10 Skunk  Downriver 6.58 (6.05) 
Jul 20 Skunk  Downriver 0.52 (0.52) 
Aug 9 Skunk  Downriver 0.85 (0.85) 
Gizzard Shad 2015 Jun 10 Skunk  Downriver 1.57 (1.57) 
Goldeye 
2014 May 5 Des Moines  Upriver 2.56 (1.87) 
2015 
May 1 Des Moines  Downriver 1.28 (1.28) 
May 20 Des Moines  Upriver 1.63 (1.63) 
Quillback 2015 Apr 22 Des Moines  Upriver 0.41 (0.41) 
River Carpsucker 
2014 
May 5 Des Moines  Upriver 0.25 (0.25) 
Jun 3 Iowa  Upriver 0.73 (0.73) 
2015 
Apr 22 Des Moines  Downriver 1.11 (1.11) 
May 31 Iowa  Downriver 3.63 (3.63) 
May 31 Iowa  Upriver 3.21 (3.21) 
Jun 24 Iowa  Upriver 9.92 (9.92) 
Jun 24 Skunk  Upriver 0.25 (0.25) 
River Shiner 2015 
May 11 Iowa  Upriver 0.63 (0.63) 
May 31 Iowa  Upriver 1.29 (0.92) 
Jun 24 Iowa  Upriver 6.71 (6.71) 
Jul 10 Iowa  Upriver 4.47 (4.03) 
Aug 9 Iowa  Downriver 1.49 (1.49) 
Aug 9 Iowa  Upriver 0.46 (0.46) 
Aug 19 Iowa  Downriver 1.10 (1.10) 
Aug 19 Iowa  Upriver 20.81 (20.81) 
Sand Shiner 2015 May 1 Iowa  Upriver 0.47 (0.47) 
Shiner sp. 2014 
Jul 27 Des Moines  Downriver 0.41 (0.41) 
Aug 14 Iowa  Upriver 16.89 (16.89) 
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Taxonomic Group Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/m3)  
Shiner sp. 
2014 Aug 22 Iowa  Downriver 3.76 (3.76) 
2015 
May 20 Iowa  Downriver 2.91 (1.9) 
May 20 Iowa  Upriver 27.42 (14.64) 
Jun 10 Iowa  Downriver 7.53 (7.53) 
Jun 10 Iowa  Upriver 3.74 (3.74) 
Jun 24 Iowa  Downriver 3.37 (3.37) 
Jul 10 Iowa  Upriver 0.89 (0.89) 
Jul 20 Iowa  Downriver 21.17 (21.17) 
Aug 19 Iowa  Downriver 3.15 (1.41) 
Silver Chub 
2014 
Jul 27 Des Moines  Upriver 0.68 (0.68) 
May 26 Iowa  Upriver 5.87 (5.87) 
Aug 22 Iowa  Upriver 4.25 (4.25) 
Jun 18 Skunk  Downriver 11.59 (11.59) 
2015 
May 11 Des Moines  Upriver 16.76 (10.20) 
Jun 10 Des Moines  Downriver 6.86 (6.86) 
Jun 10 Des Moines  Upriver 10.29 (5.33) 
Jun 29 Des Moines  Upriver 0.43 (0.43) 
Jul 10 Des Moines  Downriver 0.64 (0.64) 
Jul 20 Des Moines  Downriver 0.30 (0.30) 
May 11 Iowa  Downriver 0.37 (0.37) 
May 11 Iowa  Upriver 0.85 (0.85) 
May 20 Iowa  Upriver 3.45 (3.45) 
May 31 Iowa  Downriver 3.63 (3.63) 
Jun 10 Iowa  Downriver 8.45 (8.45) 
Jun 10 Iowa  Upriver 22.83 (22.83) 
Jun 24 Iowa  Downriver 6.67 (6.67) 
Jun 29 Iowa  Upriver 1.48 (1.48) 
Jul 20 Iowa  Upriver 1.22 (1.22) 
Jul 30 Iowa  Upriver 3.25 (3.25) 
Skipjack Shad 2014 Jun 11 Des Moines  Downriver 6.05 (6.05) 
Smallmouth 
Buffalo 
2014 May 5 Des Moines  Upriver 2.78 (2.78) 
2014 May 5 Iowa  Upriver 5.56 (5.56) 
Speckled Chub 2015 
May 20 Iowa  Upriver 5.66 (3.88) 
May 31 Iowa  Downriver 7.82 (7.82) 
Jun 10 Iowa  Upriver 11.28 (8.00) 
Jun 24 Iowa  Downriver 7.22 (4.70) 
Jun 24 Iowa  Upriver 4.96 (4.96) 
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Taxonomic Group Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/m3)  
Speckled Chub 2015 
Jun 29 Iowa  Downriver 0.82 (0.82) 
Jul 10 Iowa  Downriver 4.34 (4.34) 
Jul 20 Iowa  Downriver 0.31 (0.31) 
Aug 19 Iowa  Downriver 0.60 (0.60) 
Aug 19 Iowa  Upriver 10.97 (10.97) 
Jun 24 Skunk  Downriver 7.97 (7.97) 
Spotfin Shiner 
2014 
Jul 27 Des Moines  Downriver 0.79 (0.79) 
Jun 3 Skunk  Downriver 0.66 (0.66) 
2015 
Jun 10 Iowa  Upriver 3.80 (3.80) 
Jun 29 Iowa  Downriver 0.54 (0.54) 
Striped Bass 2014 
May 26 Des Moines  Upriver 2.01 (2.01) 
Jun 3 Des Moines  Downriver 14.00 (14.00) 
Jun 3 Iowa  Downriver 20.47 (20.47) 
Jun 3 Iowa  Upriver 17.68 (17.68) 
Jun 11 Iowa  Upriver 76.64 (47.07) 
Walleye 
2014 May 5 Iowa  Upriver 1.45 (1.45) 
2015 Apr 22 Iowa  Downriver 0.38 (0.38) 
White Bass 2014 
May 26 Iowa  Upriver 0.49 (0.49) 
Jun 11 Iowa  Upriver 5.67 (5.67) 
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APPENDIX 15. BIGHEAD, SILVER, GRASS, AND ASIAN CARP (SUM OF ALL 
THREE SPECIES) EGG DENSITIES (NUMBER/100 M3) PER TOW. DENSITIES 
WERE ROUNDED TO THE NEAREST INTEGER. RIVERS SAMPLED WERE THE 
DES MOINES (DSM), SKUNK (SKK), IOWA (IAR), AND UPPER MISSISSIPPI RIVER 
(UMR) AT EDDYVILLE (EDD), CLIFFLAND (CLF), KEOSAUQUA (KQA), MOUTH 
(MTH), DOWNSTREAM OF THE ENGLISH RIVER (DNE), CONESVILE (CON), 
UPSTREAM (UPD) AND DOWNSTREAM (DND) IN THE MISSISSIPPI RIVER FROM 
THE DES MOINES RIVER CONFLUENCE, UPSTREAM (UPS) AND DOWNSTREAM 
(DNS) IN THE MISSISSIPPI RIVER FROM OF THE SKUNK RIVER, AND 
UPSTREAM (UPI) AND DOWNSTREAM (DNI) IN THE MISSISSIPPI RIVER FROM 
OF THE IOWA. 
Date River Site Habitat 
Bighead 
Carp 
Egg 
Density 
Silver 
Carp 
Egg 
Density 
Grass 
Carp Egg 
Density 
Total 
Asian 
Carp Egg 
Density 
5/27/2014 UMR DND Backwater 0 17 6 22 
5/27/2014 UMR DND Channel Border 0 137 0 137 
5/27/2014 UMR DND Thalweg 0 815 43 858 
5/27/2014 UMR DNS Channel Border 0 30 0 30 
5/27/2014 UMR DNS Thalweg 35 0 71 106 
5/27/2014 UMR UPD Channel Border 0 0 19 19 
5/27/2014 UMR UPD Thalweg 0 5473 0 5473 
5/27/2014 UMR UPS Channel Border 0 58 58 115 
5/27/2014 UMR UPS Thalweg 0 54 0 54 
5/28/2014 UMR DNI Channel Border 0 0 53 53 
5/28/2014 UMR DNI Thalweg 0 0 18 18 
5/28/2014 UMR UPI Channel Border 9 0 0 9 
5/28/2014 UMR UPI Thalweg 0 0 13 13 
6/4/2014 UMR DND Thalweg 0 14 0 14 
6/4/2014 UMR UPS Channel Border 0 11 0 11 
6/5/2014 UMR DNI Thalweg 0 0 10 10 
6/12/2014 UMR DND Thalweg 0 0 4 4 
6/13/2014 UMR DNI Channel Border 0 25 0 25 
6/13/2014 UMR UPI Thalweg 0 0 19 19 
6/21/2014 IAR MTH Channel Border 0 0 1006 1006 
6/21/2014 IAR MTH Thalweg 103 879 1603 2586 
6/21/2014 SKK MTH Backwater 0 0 50 50 
6/21/2014 UMR DNI Backwater 92 321 596 1008 
6/21/2014 UMR DNI Channel Border 82 1070 1811 2963 
6/21/2014 UMR DNI Thalweg 0 0 34 34 
6/21/2014 UMR DNS Channel Border 0 0 417 417 
6/21/2014 UMR UPI Channel Border 0 75 75 149 
6/21/2014 UMR UPI Thalweg 0 71 212 283 
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Date River Site Habitat 
Bighead 
Carp Egg 
Density 
Silver 
Carp Egg 
Density 
Grass 
Carp Egg 
Density 
Total Asian 
Carp Egg 
Density 
6/21/2014 UMR UPS Thalweg 0 0 137 137 
5/12/2015 DSM MTH Backwater 0 81 0 81 
5/12/2015 DSM MTH Channel Border 0 175 0 175 
5/12/2015 DSM MTH Thalweg 0 119 0 119 
5/12/2015 UMR DND Channel Border 0 80 0 80 
5/31/2015 DSM CLF Channel Border 0 0 4 4 
5/31/2015 DSM KQA Thalweg 0 0 69 69 
5/31/2015 DSM MTH Backwater 0 19 0 19 
5/31/2015 DSM MTH Channel Border 0 882 0 882 
5/31/2015 DSM MTH Thalweg 0 1469 47 1516 
5/31/2015 SKK MTH Channel Border 0 0 135 135 
5/31/2015 UMR DND Backwater 0 785 44 829 
5/31/2015 UMR DNS Channel Border 0 0 344 344 
5/31/2015 UMR DNS Thalweg 0 0 35 35 
5/31/2015 UMR UPS Thalweg 0 0 56 56 
6/10/2015 DSM CLF Channel Border 0 24 0 24 
6/10/2015 DSM CLF Thalweg 26 52 0 78 
6/10/2015 DSM EDD Channel Border 24 0 0 24 
6/10/2015 DSM EDD Thalweg 24 72 0 96 
6/10/2015 DSM KQA Channel Border 0 121 40 161 
6/10/2015 DSM KQA Thalweg 57 141 0 198 
6/10/2015 DSM MTH Thalweg 0 51 0 51 
6/10/2015 UMR UPS Thalweg 0 0 30 30 
6/11/2015 IAR CON Thalweg 0 76 0 76 
6/24/2015 DSM KQA Thalweg 0 111 0 111 
6/24/2015 DSM MTH Channel Border 0 70 0 70 
6/24/2015 DSM MTH Thalweg 0 0 55 55 
6/24/2015 UMR DND Channel Border 0 37 0 37 
6/29/2015 SKK MTH Channel Border 0 3 0 3 
6/29/2015 SKK MTH Channel Border 0 16 0 16 
6/29/2015 SKK MTH Thalweg 0 13 0 13 
6/29/2015 UMR DNS Channel Border 0 63 0 63 
6/30/2015 DSM KQA Channel Border 0 59 0 59 
6/30/2015 DSM KQA Thalweg 22 89 0 111 
6/30/2015 DSM MTH Channel Border 0 5 0 5 
6/30/2015 DSM MTH Thalweg 0 27 0 27 
6/30/2015 UMR DND Channel Border 0 0 45 45 
7/11/2015 IAR CON Channel Border 0 41 0 41 
7/11/2015 SKK DNC Channel Border 0 202 0 202 
7/20/2015 IAR MTH Channel Border 0 63 0 63 
8/10/2015 SKK DNC Thalweg 0 52 0 52 
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APPENDIX 16. AVERAGE LARVAL DENSITIES (NUMBER/100 M3) ±1SE FOR NON-
ASIAN CARP TAXONOMIC GROUPS BY SAMPLING SESSION COLLECTED IN 
THE IN THE UPRIVER AND DOWNRIVER SECTIONS OF THE DES MOINES, 
IOWA, AND SKUNK RIVERS OF SOUTHEASTERN IOWA DURING 2014 AND 2015. 
Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Atherinopsidae 2014 Jul 27 Iowa Downriver 0.39 (0.39) 
Catostomidae 2014 
May 5 Des Moines Upriver 10.57 (6.63) 
May 5 Des Moines Downriver 6.58 (5.01) 
May 15 Des Moines Upriver 6.9 (1.68) 
May 15 Des Moines Downriver 7.42 (3.18) 
May 26 Des Moines Upriver 4.94 (3.11) 
May 26 Des Moines Downriver 43.18 (8.51) 
Jun 3 Des Moines Upriver 4.98 (1.67) 
Jun 3 Des Moines Downriver 23.17 (11.51) 
Jun 11 Des Moines Upriver 2.67 (1.37) 
Jun 11 Des Moines Downriver 9.11 (5.84) 
Jun 18 Des Moines Upriver 13.81 (4.77) 
Jun 18 Des Moines Downriver 19.11 (4.90) 
Jul 20 Des Moines Downriver 14.25 (9.32) 
Jul 27 Des Moines Upriver 2.38 (0.94) 
Jul 27 Des Moines Downriver 7.26 (4.90) 
Aug 5 Des Moines Upriver 0.18 (0.18) 
Aug 5 Des Moines Downriver 4.71 (2.71) 
Aug 14 Des Moines Downriver 0.28 (0.28) 
May 5 Iowa Upriver 1.63 (0.78) 
May 5 Iowa Downriver 3.49 (1.51) 
May 15 Iowa Upriver 1.05 (0.77) 
May 15 Iowa Downriver 15.96 (3.00) 
May 26 Iowa Upriver 6.30 (3.87) 
May 26 Iowa Downriver 38.51 (19.38) 
Jun 3 Iowa Upriver 7.06 (5.74) 
Jun 3 Iowa Downriver 6.60 (2.00) 
Jun 11 Iowa Upriver 2.07 (1.21) 
Jun 11 Iowa Downriver 12.73 (5.04) 
Jun 18 Iowa Downriver 48.23 (16.54) 
Jul 20 Iowa Upriver 6.75 (6.75) 
Jul 20 Iowa Downriver 4.02 (1.24) 
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APPENDIX 16. (CONTINUED). 
Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Catostomidae 
2014 
Jul 27 Iowa Upriver 1.82 (1.14) 
Jul 27 Iowa Downriver 4.21 (1.42) 
Aug 5 Iowa Upriver 0.65 (0.65) 
Aug 5 Iowa Downriver 2.41 (1.73) 
Aug 14 Iowa Downriver 0.79 (0.79) 
Aug 22 Iowa Upriver 0.22 (0.22) 
Sep 12 Iowa Downriver 0.31 (0.31) 
May 5 Skunk Upriver 0.53 (0.53) 
May 5 Skunk Downriver 0.40 (0.40) 
May 15 Skunk Downriver 12.17 (5.67) 
May 26 Skunk Upriver 11.16 (5.93) 
May 26 Skunk Downriver 16.81 (9.56) 
Jun 3 Skunk Upriver 8.54 (3.52) 
Jun 3 Skunk Downriver 6.40 (3.74) 
Jun 11 Skunk Upriver 1.02 (0.66) 
Jun 11 Skunk Downriver 1.51 (1.51) 
Jun 18 Skunk Downriver 21.24 (7.89) 
Jul 20 Skunk Upriver 18.71 (7.38) 
2015 
Apr 22 Des Moines Downriver 4.08 (1.40) 
May 1 Des Moines Upriver 11.60 (3.67) 
May 1 Des Moines Downriver 28.21 (8.51) 
May 11 Des Moines Upriver 31.23 (17.35) 
May 11 Des Moines Downriver 46.53 (10.49) 
May 20 Des Moines Upriver 5.84 (3.44) 
May 20 Des Moines Downriver 2.27 (1.24) 
May 31 Des Moines Upriver 24.21 (19.55) 
May 31 Des Moines Downriver 8.28 (4.60) 
Jun 10 Des Moines Upriver 12.97 (10.12) 
Jun 10 Des Moines Downriver 1.63 (1.63) 
Jun 24 Des Moines Downriver 56.62 (45.32) 
Jun 29 Des Moines Upriver 5.18 (1.63) 
Jun 29 Des Moines Downriver 2.66 (1.59) 
Jul 10 Des Moines Upriver 0.46 (0.31) 
Jul 10 Des Moines Downriver 6.62 (3.75) 
Jul 20 Des Moines Upriver 0.94 (0.76) 
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APPENDIX 16. (CONTINUED). 
Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Catostomidae 2015 
Jul 20 Des Moines Downriver 2.92 (1.01) 
Jul 30 Des Moines Downriver 2.75 (2.38) 
Aug 9 Des Moines Downriver 0.82 (0.82) 
Aug 19 Des Moines Upriver 0.31 (0.31) 
Aug 19 Des Moines Downriver 1.70 (1.09) 
Apr 22 Iowa Upriver 0.42 (0.42) 
Apr 22 Iowa Downriver 0.40 (0.40) 
May 1 Iowa Upriver 0.97 (0.73) 
May 1 Iowa Downriver 29.16 (16.02) 
May 11 Iowa Upriver 1.09 (0.64) 
May 11 Iowa Downriver 13.1 (7.05) 
May 20 Iowa Upriver 1.60 (0.90) 
May 20 Iowa Downriver 0.74 (0.47) 
May 31 Iowa Upriver 10.15 (6.77) 
May 31 Iowa Downriver 2.91 (1.42) 
Jun 10 Iowa Upriver 3.79 (2.30) 
Jun 10 Iowa Downriver 5.08 (3.53) 
Jun 24 Iowa Upriver 6.39 (3.62) 
Jun 24 Iowa Downriver 83.12 (22.06) 
Jun 29 Iowa Upriver 51.90 (33.16) 
Jun 29 Iowa Downriver 14.31 (6.57) 
Jul 10 Iowa Upriver 1.76 (1.17) 
Jul 10 Iowa Downriver 13.39 (9.05) 
Jul 20 Iowa Upriver 1.76 (1.76) 
Jul 20 Iowa Downriver 5.39 (2.52) 
Jul 30 Iowa Upriver 6.56 (4.48) 
Jul 30 Iowa Downriver 4.10 (2.13) 
Aug 9 Iowa Downriver 4.58 (3.93) 
Apr 22 Skunk Downriver 8.40 (5.32) 
May 1 Skunk Downriver 5.55 (1.45) 
May 11 Skunk Downriver 29.32 (14.52) 
May 20 Skunk Upriver 1.31 (0.85) 
May 20 Skunk Downriver 2.47 (1.70) 
May 31 Skunk Upriver 0.91 (0.65) 
May 31 Skunk Downriver 46.76 (13.57) 
Jun 10 Skunk Upriver 7.46 (3.17) 
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APPENDIX 16. (CONTINUED). 
Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Catostomidae 2015 
Jun 10 Skunk Downriver 4.91 (1.74) 
Jun 24 Skunk Upriver 0.58 (0.38) 
Jun 24 Skunk Downriver 11.8 (5.01) 
Jun 29 Skunk Downriver 5.02 (1.75) 
Jul 10 Skunk Upriver 1.13 (1.13) 
Jul 10 Skunk Downriver 7.30 (4.39) 
Jul 20 Skunk Downriver 6.81 (3.99) 
Jul 30 Skunk Downriver 0.84 (0.84) 
Aug 9 Skunk Upriver 0.37 (0.37) 
Aug 9 Skunk Downriver 3.19 (2.54) 
Centrarchidae 2014 
May 26 Des Moines Downriver 0.95 (0.67) 
Jun 3 Des Moines Upriver 0.25 (0.25) 
Jun 3 Des Moines Downriver 9.52 (3.97) 
Jun 11 Des Moines Upriver 0.45 (0.45) 
Jun 18 Des Moines Downriver 2.09 (1.34) 
Jul 20 Des Moines Downriver 2.95 (2.95) 
Jul 27 Des Moines Downriver 2.43 (0.82) 
Aug 5 Des Moines Upriver 0.30 (0.30) 
Aug 5 Des Moines Downriver 11.03 (11.03) 
Aug 30 Des Moines Upriver 2.22 (1.03) 
Aug 30 Des Moines Downriver 3.31 (1.59) 
Sep 12 Des Moines Upriver 0.37 (0.37) 
Sep 12 Des Moines Downriver 1.50 (1.07) 
May 15 Iowa Upriver 0.35 (0.35) 
May 26 Iowa Downriver 0.95 (0.95) 
Jun 3 Iowa Upriver 4.16 (1.88) 
Jun 3 Iowa Downriver 7.93 (3.17) 
Jun 11 Iowa Downriver 1.46 (0.68) 
Jun 18 Iowa Downriver 8.29 (3.88) 
Jul 20 Iowa Upriver 0.96 (0.96) 
Jul 20 Iowa Downriver 1.78 (0.89) 
Jul 27 Iowa Upriver 1.40 (0.59) 
Jul 27 Iowa Downriver 14.12 (8.79) 
Aug 5 Iowa Upriver 0.22 (0.22) 
Aug 5 Iowa Downriver 3.89 (1.86) 
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Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Centrarchidae 
2014 
Aug 14 Iowa Downriver 2.65 (1.86) 
Aug 30 Iowa Downriver 0.84 (0.84) 
Sep 12 Iowa Upriver 0.57 (0.39) 
May 26 Skunk Upriver 2.11 (1.05) 
May 26 Skunk Downriver 0.66 (0.66) 
Jun 3 Skunk Upriver 3.87 (3.29) 
Jun 3 Skunk Downriver 17.00 (7.81) 
Jun 11 Skunk Upriver 0.50 (0.50) 
Jun 18 Skunk Downriver 19.44 (9.42) 
Jul 27 Skunk Upriver 2.72 (1.40) 
Jul 27 Skunk Downriver 3.11 (0.84) 
Aug 5 Skunk Upriver 1.84 (1.35) 
Aug 5 Skunk Downriver 6.95 (6.33) 
Aug 14 Skunk Downriver 3.59 (2.74) 
Aug 22 Skunk Upriver 2.38 (2.38) 
Aug 22 Skunk Downriver 1.37 (1.37) 
Aug 30 Skunk Upriver 0.72 (0.72) 
Aug 30 Skunk Downriver 1.99 (1.42) 
Sep 12 Skunk Upriver 0.49 (0.49) 
2015 
May 11 Des Moines Upriver 2.55 (2.55) 
Jun 10 Des Moines Upriver 102.80 (101.59) 
Jun 10 Des Moines Downriver 0.34 (0.34) 
Jun 29 Des Moines Downriver 0.84 (0.84) 
Jul 10 Des Moines Downriver 0.47 (0.47) 
Jul 20 Des Moines Downriver 0.93 (0.93) 
Jul 30 Des Moines Upriver 0.67 (0.67) 
Jul 30 Des Moines Downriver 0.32 (0.32) 
Aug 9 Des Moines Downriver 1.08 (1.08) 
May 1 Iowa Upriver 0.25 (0.25) 
May 11 Iowa Downriver 0.37 (0.37) 
May 20 Iowa Upriver 0.31 (0.31) 
May 20 Iowa Downriver 0.88 (0.88) 
May 31 Iowa Upriver 0.43 (0.29) 
Jun 10 Iowa Upriver 4.12 (2.04) 
Jun 10 Iowa Downriver 6.05 (4.42) 
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APPENDIX 16. (CONTINUED). 
Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Centrarchidae 2015 
Jun 24 Iowa Upriver 1.02 (0.72) 
Jun 24 Iowa Downriver 0.31 (0.31) 
Jun 29 Iowa Upriver 1.15 (0.77) 
Jun 29 Iowa Downriver 0.31 (0.31) 
Jul 10 Iowa Upriver 44.83 (44.83) 
Jul 10 Iowa Downriver 4.15 (1.71) 
Jul 20 Iowa Upriver 0.18 (0.18) 
Jul 20 Iowa Downriver 18.16 (14.22) 
Jul 30 Iowa Upriver 14.52 (13.63) 
Jul 30 Iowa Downriver 1.33 (0.99) 
Aug 9 Iowa Downriver 1.53 (1.13) 
Aug 19 Iowa Upriver 1.06 (1.06) 
Aug 19 Iowa Downriver 0.52 (0.52) 
Apr 22 Skunk Upriver 0.48 (0.48) 
May 11 Skunk Upriver 1.56 (1.16) 
May 11 Skunk Downriver 1.19 (0.76) 
May 20 Skunk Upriver 0.76 (0.76) 
Jun 10 Skunk Upriver 2.59 (2.59) 
Jun 10 Skunk Downriver 1.57 (1.57) 
Jun 24 Skunk Upriver 0.32 (0.32) 
Jun 24 Skunk Downriver 1.99 (1.99) 
Jun 29 Skunk Downriver 9.78 (8.40) 
Jul 10 Skunk Upriver 1.34 (0.94) 
Jul 10 Skunk Downriver 0.61 (0.61) 
Jul 20 Skunk Upriver 7.13 (6.50) 
Jul 20 Skunk Downriver 3.61 (2.57) 
Jul 30 Skunk Downriver 0.54 (0.54) 
Aug 9 Skunk Downriver 2.29 (1.83) 
Aug 19 Skunk Upriver 5.24 (5.24) 
Clupeidae 2014 
May 26 Des Moines Upriver 0.46 (0.46) 
May 26 Des Moines Downriver 0.91 (0.66) 
Jun 3 Des Moines Upriver 0.84 (0.55) 
Jun 3 Des Moines Downriver 3.38 (2.83) 
Jun 11 Des Moines Upriver 1.41 (0.98) 
Jun 11 Des Moines Downriver 10.78 (10.18) 
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APPENDIX 16. (CONTINUED). 
Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Clupeidae 
2014 
Jun 18 Des Moines Upriver 0.90 (0.45) 
Jun 18 Des Moines Downriver 4.13 (4.13) 
Jul 20 Des Moines Downriver 7.67 (4.01) 
Jul 27 Des Moines Upriver 1.38 (1.38) 
Jul 27 Des Moines Downriver 5.33 (2.96) 
Aug 5 Des Moines Downriver 0.60 (0.60) 
Aug 30 Des Moines Upriver 1.45 (0.66) 
Sep 12 Des Moines Downriver 0.53 (0.53) 
May 15 Iowa Upriver 0.38 (0.38) 
Jun 3 Iowa Upriver 1.32 (0.67) 
Jun 3 Iowa Downriver 34.47 (31.86) 
Jun 11 Iowa Upriver 0.42 (0.42) 
Jun 11 Iowa Downriver 4.15 (4.15) 
Jun 18 Iowa Downriver 0.27 (0.27) 
May 26 Skunk Downriver 0.37 (0.37) 
Jun 3 Skunk Downriver 10.41 (6.96) 
Jun 18 Skunk Downriver 13.33 (13.33) 
2015 
May 20 Des Moines Upriver 4.03 (2.77) 
May 20 Des Moines Downriver 5.20 (3.79) 
May 31 Des Moines Upriver 8.07 (6.4) 
Jun 10 Des Moines Upriver 263.48 (145.8) 
Jun 10 Des Moines Downriver 28.79 (11.12) 
Jun 24 Des Moines Upriver 30.38 (25.00) 
Jun 24 Des Moines Downriver 3.19 (2.17) 
Jun 29 Des Moines Upriver 42.43 (28.26) 
Jun 29 Des Moines Downriver 1.28 (0.87) 
Jul 10 Des Moines Upriver 0.26 (0.26) 
Jul 10 Des Moines Downriver 1.46 (1.01) 
Jul 20 Des Moines Downriver 0.28 (0.28) 
Jul 30 Des Moines Upriver 0.67 (0.67) 
Jul 30 Des Moines Downriver 0.98 (0.98) 
May 31 Iowa Downriver 1.90 (1.90) 
Jun 10 Iowa Upriver 1.56 (1.04) 
Jun 10 Iowa Downriver 2.87 (2.87) 
Jun 24 Iowa Upriver 2.77 (1.84) 
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APPENDIX 16. (CONTINUED). 
Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Clupeidae 2015 
Jun 24 Iowa Downriver 1.24 (1.24) 
Jun 29 Iowa Upriver 8.24 (5.86) 
Jun 29 Iowa Downriver 2.52 (1.57) 
Jul 10 Iowa Upriver 1.55 (1.35) 
Jul 10 Iowa Downriver 5.60 (4.61) 
Jul 20 Iowa Upriver 2.37 (2.17) 
Jul 20 Iowa Downriver 4.89 (2.03) 
Jul 30 Iowa Upriver 0.73 (0.56) 
Jul 30 Iowa Downriver 1.80 (0.92) 
Aug 9 Iowa Upriver 0.49 (0.49) 
May 31 Skunk Downriver 0.46 (0.46) 
Jun 29 Skunk Downriver 1.23 (1.23) 
Jul 10 Skunk Downriver 3.64 (3.64) 
Jul 20 Skunk Downriver 3.77 (2.12) 
Cottidae 2014 May 15 Des Moines Upriver 0.41 (0.41) 
Cyprinidae 2014 
May 15 Des Moines Upriver 0.93 (0.62) 
May 15 Des Moines Downriver 1.20 (0.76) 
May 26 Des Moines Downriver 0.49 (0.49) 
Jun 3 Des Moines Downriver 132.61 (80.37) 
Jun 11 Des Moines Upriver 1.48 (1.06) 
Jun 11 Des Moines Downriver 94.29 (45.3) 
Jun 18 Des Moines Upriver 0.32 (0.32) 
Jun 18 Des Moines Downriver 439.63 (273.18) 
Jul 20 Des Moines Downriver 12.56 (5.68) 
Jul 27 Des Moines Upriver 1.78 (1.01) 
Jul 27 Des Moines Downriver 223.22 (209.11) 
Aug 5 Des Moines Upriver 0.76 (0.52) 
Aug 5 Des Moines Downriver 188.38 (157.46) 
Aug 14 Des Moines Upriver 6.01 (4.32) 
Aug 14 Des Moines Downriver 181.89 (108.26) 
Aug 22 Des Moines Downriver 796.5 (389.3) 
Aug 30 Des Moines Upriver 3.91 (3.91) 
Aug 30 Des Moines Downriver 449.85 (342.84) 
Sep 12 Des Moines Upriver 1.26 (0.68) 
Sep 12 Des Moines Downriver 569.54 (454.16) 
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APPENDIX 16. (CONTINUED). 
Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Cyprinidae 2014 
Sep 26 Des Moines Downriver 12.16 (11.12) 
May 5 Iowa Upriver 0.58 (0.41) 
May 5 Iowa Downriver 0.41 (0.41) 
May 15 Iowa Upriver 2.48 (1.12) 
May 15 Iowa Downriver 2.87 (2.87) 
May 26 Iowa Upriver 0.78 (0.53) 
May 26 Iowa Downriver 4.11 (1.00) 
Jun 3 Iowa Upriver 8.99 (5.81) 
Jun 3 Iowa Downriver 50.35 (14.73) 
Jun 11 Iowa Upriver 3.86 (1.40) 
Jun 11 Iowa Downriver 22.78 (10.13) 
Jun 18 Iowa Downriver 52.29 (16.26) 
Jul 20 Iowa Upriver 3.65 (3.65) 
Jul 20 Iowa Downriver 9.10 (2.64) 
Jul 27 Iowa Upriver 26.45 (23.36) 
Jul 27 Iowa Downriver 325.98 (175.84) 
Aug 5 Iowa Upriver 5.13 (2.87) 
Aug 5 Iowa Downriver 808.77 (481.05) 
Aug 14 Iowa Upriver 0.21 (0.21) 
Aug 14 Iowa Downriver 490.89 (190.73) 
Aug 22 Iowa Upriver 1.96 (1.31) 
Aug 22 Iowa Downriver 674.45 (357.46) 
Aug 30 Iowa Upriver 9.68 (9.36) 
Aug 30 Iowa Downriver 211.54 (85.29) 
Sep 12 Iowa Upriver 2.75 (1.46) 
Sep 12 Iowa Downriver 71.53 (18.32) 
Sep 26 Iowa Downriver 5.88 (4.47) 
May 5 Skunk Upriver 1.62 (1.62) 
May 5 Skunk Downriver 0.99 (0.99) 
May 15 Skunk Upriver 141.18 (134.54) 
May 26 Skunk Upriver 1.63 (0.77) 
May 26 Skunk Downriver 0.66 (0.66) 
Jun 3 Skunk Upriver 9.27 (3.57) 
Jun 3 Skunk Downriver 259.85 (176.2) 
Jun 11 Skunk Upriver 7.34 (2.10) 
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APPENDIX 16. (CONTINUED). 
Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Cyprinidae 
2014 
Jun 11 Skunk Downriver 42.49 (31.92) 
Jun 18 Skunk Downriver 220 (98.74) 
Jul 20 Skunk Upriver 1.58 (1.21) 
Jul 27 Skunk Upriver 22.76 (8.26) 
Jul 27 Skunk Downriver 99.03 (48.7) 
Aug 5 Skunk Upriver 22.07 (8.36) 
Aug 5 Skunk Downriver 88.9 (55.36) 
Aug 14 Skunk Upriver 10.03 (3.27) 
Aug 14 Skunk Downriver 1026.36 (730.69) 
Aug 22 Skunk Upriver 82.31 (39.1) 
Aug 22 Skunk Downriver 198.64 (99.97) 
Aug 30 Skunk Upriver 384.6 (349.78) 
Aug 30 Skunk Downriver 74.35 (31.17) 
Sep 12 Skunk Upriver 0.98 (0.98) 
Sep 12 Skunk Downriver 9.04 (3.90) 
Sep 26 Skunk Upriver 3.94 (2.46) 
Sep 26 Skunk Downriver 12.28 (7.44) 
2015 
May 11 Des Moines Upriver 5.08 (4.79) 
May 20 Des Moines Downriver 0.28 (0.28) 
May 31 Des Moines Upriver 1.94 (0.84) 
May 31 Des Moines Downriver 108.05 (66.79) 
Jun 10 Des Moines Upriver 8.39 (7.96) 
Jun 10 Des Moines Downriver 69.80 (50.22) 
Jun 24 Des Moines Upriver 3.73 (3.73) 
Jun 24 Des Moines Downriver 240.1 (198.77) 
Jun 29 Des Moines Upriver 5.15 (2.73) 
Jun 29 Des Moines Downriver 88.67 (84.71) 
Jul 10 Des Moines Upriver 3.33 (1.83) 
Jul 10 Des Moines Downriver 95.29 (56.29) 
Jul 20 Des Moines Upriver 0.30 (0.30) 
Jul 20 Des Moines Downriver 152.74 (109.77) 
Jul 30 Des Moines Downriver 378.78 (292.92) 
Aug 9 Des Moines Downriver 2619.43 (2222.44) 
Aug 19 Des Moines Downriver 101.31 (46.15) 
Aug 29 Des Moines Downriver 44.08 (39.60) 
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APPENDIX 16. (CONTINUED). 
Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Cyprinidae 2015 
Sep 11 Des Moines Upriver 0.28 (0.28) 
Sep 11 Des Moines Downriver 21.34 (15.53) 
Sep 25 Des Moines Upriver 0.22 (0.22) 
May 1 Iowa Downriver 0.78 (0.78) 
May 11 Iowa Downriver 0.48 (0.48) 
May 20 Iowa Upriver 2.73 (1.98) 
May 20 Iowa Downriver 1.47 (0.94) 
May 31 Iowa Upriver 7.71 (7.50) 
May 31 Iowa Downriver 96.43 (58.26) 
Jun 10 Iowa Upriver 26.50 (17.29) 
Jun 10 Iowa Downriver 221.95 (113.89) 
Jun 24 Iowa Upriver 4.30 (1.77) 
Jun 24 Iowa Downriver 39.11 (16.83) 
Jun 29 Iowa Upriver 0.49 (0.34) 
Jun 29 Iowa Downriver 55.02 (28.72) 
Jul 10 Iowa Upriver 29.72 (22.97) 
Jul 10 Iowa Downriver 194.74 (114.6) 
Jul 20 Iowa Upriver 5.79 (2.68) 
Jul 20 Iowa Downriver 148.77 (79.37) 
Jul 30 Iowa Upriver 35.36 (29.26) 
Jul 30 Iowa Downriver 294.39 (209.46) 
Aug 9 Iowa Upriver 2.30 (1.09) 
Aug 9 Iowa Downriver 99.88 (40.99) 
Aug 19 Iowa Upriver 8.39 (5.84) 
Aug 19 Iowa Downriver 80.52 (33.55) 
Sep 11 Iowa Downriver 24.37 (19.91) 
May 11 Skunk Upriver 2.40 (1.30) 
May 20 Skunk Upriver 1.19 (1.19) 
May 31 Skunk Upriver 11.60 (7.29) 
May 31 Skunk Downriver 213.07 (140.95) 
Jun 10 Skunk Upriver 23.66 (20.26) 
Jun 10 Skunk Downriver 91.31 (40.16) 
Jun 24 Skunk Downriver 65.75 (32.00) 
Jun 29 Skunk Downriver 33.62 (27.37) 
Jul 10 Skunk Upriver 8.64 (2.52) 
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APPENDIX 16. (CONTINUED). 
Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Cyprinidae 2015 
Jul 10 Skunk Downriver 120.06 (55.27) 
Jul 20 Skunk Upriver 214.63 (203.21) 
Jul 20 Skunk Downriver 373.11 (214.53) 
Jul 30 Skunk Upriver 3.21 (1.76) 
Jul 30 Skunk Downriver 228.39 (120.21) 
Aug 9 Skunk Upriver 35.22 (21.74) 
Aug 9 Skunk Downriver 376.25 (203.42) 
Aug 19 Skunk Upriver 1.86 (1.39) 
Aug 19 Skunk Downriver 294.58 (210.21) 
Aug 29 Skunk Upriver 7.00 (4.62) 
Aug 29 Skunk Downriver 41.26 (26.18) 
Sep 11 Skunk Upriver 10.40 (8.95) 
Sep 11 Skunk Downriver 1.35 (0.87) 
Sep 25 Skunk Upriver 9.02 (5.99) 
Sep 25 Skunk Downriver 0.67 (0.67) 
Cyprinus carpio 
2014 
Jun 3 Des Moines Upriver 0.22 (0.22) 
Jun 3 Des Moines Downriver 0.72 (0.72) 
Jul 27 Des Moines Upriver 0.53 (0.53) 
Aug 14 Des Moines Downriver 0.87 (0.87) 
May 15 Iowa Downriver 2.17 (1.01) 
May 26 Iowa Downriver 6.56 (4.16) 
Aug 30 Iowa Downriver 0.52 (0.52) 
May 15 Skunk Downriver 0.96 (0.96) 
May 26 Skunk Downriver 0.48 (0.48) 
Jun 3 Skunk Downriver 0.81 (0.54) 
Jul 27 Skunk Upriver 0.37 (0.37) 
Jul 27 Skunk Downriver 1.41 (1.41) 
2015 
May 31 Des Moines Upriver 21.41 (10.57) 
May 31 Des Moines Downriver 0.63 (0.63) 
Jun 10 Des Moines Upriver 0.83 (0.44) 
Jun 24 Des Moines Downriver 1.23 (1.23) 
Jun 29 Des Moines Upriver 0.85 (0.67) 
May 31 Iowa Upriver 0.54 (0.54) 
May 31 Iowa Downriver 0.50 (0.50) 
Jun 24 Iowa Upriver 1.91 (1.13) 
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APPENDIX 16. (CONTINUED). 
Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Cyprinus carpio 2015 
Jun 24 Iowa Downriver 17.2 (4.98) 
Jun 29 Iowa Upriver 0.57 (0.40) 
Jun 29 Iowa Downriver 0.27 (0.27) 
Jul 10 Iowa Downriver 0.39 (0.39) 
May 11 Skunk Upriver 0.40 (0.40) 
May 31 Skunk Upriver 0.48 (0.48) 
May 31 Skunk Downriver 0.46 (0.46) 
Jun 24 Skunk Downriver 1.18 (0.76) 
Hiodontidae 
2014 
May 26 Des Moines Downriver 0.87 (0.87) 
Jun 3 Des Moines Downriver 1.48 (1.48) 
Jun 18 Des Moines Downriver 0.69 (0.69) 
Jul 27 Des Moines Upriver 0.19 (0.19) 
Jul 27 Des Moines Downriver 1.87 (1.43) 
Aug 14 Des Moines Upriver 0.22 (0.22) 
May 5 Iowa Upriver 0.31 (0.31) 
Jun 3 Skunk Upriver 0.56 (0.56) 
Jun 18 Skunk Downriver 1.61 (1.61) 
2015 
May 11 Des Moines Downriver 0.42 (0.42) 
Jun 29 Iowa Upriver 0.62 (0.62) 
Jun 29 Iowa Downriver 2.45 (2.45) 
May 31 Skunk Downriver 0.77 (0.77) 
Jun 10 Skunk Downriver 0.44 (0.44) 
Jun 29 Skunk Downriver 0.35 (0.35) 
Ictaluridae 
2014 
Aug 14 Des Moines Upriver 0.22 (0.22) 
Aug 14 Des Moines Downriver 0.28 (0.28) 
Jul 27 Skunk Downriver 0.42 (0.42) 
Aug 14 Skunk Downriver 0.81 (0.81) 
2015 
Jul 10 Skunk Upriver 0.46 (0.46) 
Jul 30 Skunk Upriver 0.26 (0.26) 
Jul 30 Skunk Downriver 1.01 (0.64) 
Aug 9 Skunk Upriver 2.96 (2.96) 
Sep 11 Skunk Upriver 0.78 (0.78) 
Lepisosteidae 2014 
Jun 3 Des Moines Downriver 3.03 (1.72) 
Jun 11 Des Moines Downriver 0.64 (0.64) 
Jun 3 Iowa Downriver 0.72 (0.72) 
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APPENDIX 16. (CONTINUED). 
Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Lepisosteidae 
2014 
Jun 11 Iowa Downriver 0.58 (0.58) 
Jun 3 Skunk Downriver 0.29 (0.29) 
Jul 20 Skunk Upriver 1.71 (1.27) 
2015 
Jun 24 Des Moines Downriver 0.31 (0.31) 
Jun 29 Des Moines Upriver 0.27 (0.27) 
Jun 29 Des Moines Downriver 0.93 (0.93) 
Jun 24 Iowa Upriver 0.66 (0.66) 
Jun 24 Iowa Downriver 0.36 (0.36) 
Jul 10 Iowa Upriver 1.36 (1.36) 
Jun 10 Skunk Downriver 0.34 (0.34) 
Jun 29 Skunk Downriver 0.70 (0.70) 
Moronidae 
2014 
Jun 11 Des Moines Upriver 0.74 (0.51) 
Jun 11 Des Moines Downriver 5.00 (4.27) 
Jun 18 Des Moines Downriver 11.57 (10.96) 
Aug 30 Des Moines Upriver 0.32 (0.32) 
Jun 3 Iowa Downriver 2.87 (2.87) 
Jun 11 Iowa Upriver 0.35 (0.35) 
Jun 11 Iowa Downriver 1.93 (1.23) 
Jun 18 Iowa Downriver 0.46 (0.46) 
Aug 5 Iowa Upriver 0.30 (0.30) 
Aug 5 Iowa Downriver 0.35 (0.35) 
Jun 11 Skunk Downriver 6.03 (6.03) 
Jun 18 Skunk Downriver 3.11 (1.44) 
2015 
May 1 Des Moines Upriver 0.24 (0.24) 
May 11 Des Moines Downriver 0.48 (0.48) 
May 20 Des Moines Upriver 3.80 (2.19) 
May 20 Des Moines Downriver 4.79 (2.11) 
May 31 Des Moines Upriver 2.56 (1.42) 
May 31 Des Moines Downriver 0.98 (0.65) 
Jun 10 Des Moines Upriver 5.37 (1.32) 
Jun 10 Des Moines Downriver 0.94 (0.94) 
Jun 24 Des Moines Downriver 1.96 (1.65) 
Jun 29 Des Moines Upriver 1.82 (0.81) 
Jun 29 Des Moines Downriver 1.86 (1.86) 
Jul 10 Des Moines Upriver 2.20 (2.20) 
 
167 
 
  
APPENDIX 16. (CONTINUED). 
Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Moronidae 2015 
Jul 10 Des Moines Downriver 0.47 (0.47) 
Jul 20 Des Moines Upriver 0.41 (0.41) 
Jul 20 Des Moines Downriver 1.35 (1.06) 
Aug 19 Des Moines Downriver 0.33 (0.33) 
May 31 Iowa Downriver 0.99 (0.99) 
Jun 10 Iowa Upriver 2.08 (1.54) 
Jun 10 Iowa Downriver 1.55 (0.80) 
Jun 24 Iowa Upriver 0.58 (0.58) 
Jun 24 Iowa Downriver 0.56 (0.56) 
Jun 29 Iowa Upriver 1.11 (0.83) 
Jun 29 Iowa Downriver 0.23 (0.23) 
Jul 10 Iowa Upriver 0.30 (0.30) 
Jul 20 Iowa Upriver 20.7 (19.74) 
Jul 20 Iowa Downriver 2.58 (1.72) 
Jul 30 Iowa Upriver 23.87 (23.87) 
Jul 30 Iowa Downriver 1.25 (0.62) 
Apr 22 Skunk Downriver 0.34 (0.34) 
Percidae 2014 
May 5 Des Moines Upriver 0.50 (0.50) 
May 15 Des Moines Upriver 7.72 (3.01) 
May 15 Des Moines Downriver 1.18 (0.74) 
May 26 Des Moines Downriver 0.62 (0.62) 
Jun 3 Des Moines Downriver 0.49 (0.49) 
Jun 11 Des Moines Upriver 1.25 (1.01) 
Jun 18 Des Moines Downriver 0.51 (0.51) 
May 5 Iowa Upriver 1.93 (1.43) 
May 5 Iowa Downriver 1.43 (0.48) 
May 15 Iowa Upriver 0.46 (0.46) 
May 26 Iowa Upriver 1.14 (0.87) 
Jun 3 Iowa Downriver 6.45 (6.45) 
Jun 11 Iowa Upriver 1.18 (0.87) 
Jun 11 Iowa Downriver 1.04 (1.04) 
Jun 18 Iowa Downriver 0.62 (0.62) 
Jul 27 Iowa Upriver 0.31 (0.31) 
Jul 27 Iowa Downriver 1.36 (1.36) 
Aug 5 Iowa Downriver 0.87 (0.87) 
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Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Percidae 
2014 
Aug 30 Iowa Upriver 0.66 (0.66) 
May 5 Skunk Downriver 0.33 (0.33) 
May 15 Skunk Downriver 0.93 (0.61) 
May 26 Skunk Upriver 2.83 (0.74) 
May 26 Skunk Downriver 0.37 (0.37) 
Jun 3 Skunk Upriver 18.19 (17.09) 
Jun 3 Skunk Downriver 2.83 (1.98) 
Jun 11 Skunk Downriver 0.50 (0.50) 
Jun 18 Skunk Downriver 6.97 (6.39) 
2015 
Apr 22 Des Moines Upriver 2.07 (1.62) 
Apr 22 Des Moines Downriver 5.07 (2.54) 
May 1 Des Moines Upriver 0.28 (0.28) 
May 1 Des Moines Downriver 1.95 (1.24) 
May 11 Des Moines Upriver 2.27 (2.27) 
May 11 Des Moines Downriver 2.61 (2.61) 
May 20 Des Moines Upriver 1.74 (1.34) 
May 20 Des Moines Downriver 3.58 (2.05) 
May 31 Des Moines Upriver 26.45 (23.85) 
Jun 10 Des Moines Upriver 13.27 (12.74) 
Jun 10 Des Moines Downriver 0.33 (0.33) 
Jun 29 Des Moines Upriver 0.75 (0.58) 
Jul 30 Des Moines Upriver 0.60 (0.60) 
Apr 22 Iowa Upriver 0.19 (0.19) 
Apr 22 Iowa Downriver 7.33 (6.22) 
May 1 Iowa Upriver 0.75 (0.54) 
May 1 Iowa Downriver 1.13 (0.81) 
May 11 Iowa Downriver 0.63 (0.63) 
May 20 Iowa Upriver 4.68 (2.70) 
May 31 Iowa Upriver 39.93 (39.42) 
May 31 Iowa Downriver 3.79 (3.79) 
Jun 10 Iowa Upriver 1.16 (0.92) 
Jun 10 Iowa Downriver 16.92 (16.92) 
Jun 24 Iowa Upriver 4.19 (3.96) 
Jul 10 Iowa Upriver 4.08 (4.08) 
Jul 30 Iowa Upriver 18.65 (18.65) 
 
169 
 
  
APPENDIX 16. (CONTINUED). 
Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Percidae 2015 
Apr 22 Skunk Upriver 0.48 (0.48) 
Apr 22 Skunk Downriver 0.53 (0.53) 
May 1 Skunk Upriver 5.70 (5.26) 
May 1 Skunk Downriver 3.18 (1.53) 
May 11 Skunk Upriver 2.02 (1.58) 
May 11 Skunk Downriver 1.24 (1.24) 
May 20 Skunk Upriver 7.91 (7.07) 
May 31 Skunk Upriver 20.64 (15.24) 
May 31 Skunk Downriver 82.17 (78.97) 
Jun 10 Skunk Upriver 21.21 (14.10) 
Jun 10 Skunk Downriver 7.38 (6.39) 
Jun 24 Skunk Downriver 2.75 (2.75) 
Jul 20 Skunk Upriver 2.82 (2.82) 
Jul 30 Skunk Downriver 0.54 (0.54) 
Sciaenidae 2014 
May 26 Des Moines Upriver 0.38 (0.38) 
May 26 Des Moines Downriver 2.03 (2.03) 
Jun 3 Des Moines Upriver 3.91 (2.76) 
Jun 3 Des Moines Downriver 2.96 (1.36) 
Jun 11 Des Moines Upriver 20.2 (10.63) 
Jun 11 Des Moines Downriver 59.39 (22.52) 
Jun 18 Des Moines Upriver 1.47 (0.99) 
Jul 27 Des Moines Downriver 2.35 (1.49) 
Aug 5 Des Moines Upriver 0.18 (0.18) 
Aug 5 Des Moines Downriver 0.33 (0.33) 
Aug 14 Des Moines Upriver 0.22 (0.22) 
Aug 14 Des Moines Downriver 0.68 (0.68) 
Sep 12 Des Moines Downriver 1.31 (0.85) 
May 15 Iowa Upriver 0.38 (0.38) 
May 15 Iowa Downriver 1.29 (0.99) 
May 26 Iowa Upriver 0.29 (0.29) 
Jun 3 Iowa Downriver 1.90 (0.86) 
Jun 11 Iowa Upriver 0.93 (0.65) 
Jun 18 Iowa Downriver 18.83 (7.77) 
Jul 27 Iowa Downriver 0.78 (0.78) 
Aug 5 Iowa Downriver 1.14 (0.75) 
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APPENDIX 16. (CONTINUED). 
Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Sciaenidae 
2014 
Aug 22 Iowa Downriver 1.19 (0.8) 
May 26 Skunk Downriver 4.04 (4.04) 
Jun 3 Skunk Downriver 4.95 (2.91) 
Jun 11 Skunk Downriver 1.51 (1.51) 
Jun 18 Skunk Downriver 1.70 (1.12) 
Jul 27 Skunk Downriver 0.42 (0.42) 
Aug 5 Skunk Downriver 0.92 (0.92) 
Aug 22 Skunk Downriver 2.93 (2.93) 
2015 
May 20 Des Moines Upriver 3.03 (1.30) 
May 20 Des Moines Downriver 2.75 (1.93) 
May 31 Des Moines Upriver 4.79 (1.66) 
May 31 Des Moines Downriver 3.35 (1.48) 
Jun 10 Des Moines Upriver 27.01 (8.12) 
Jun 10 Des Moines Downriver 11.78 (6.43) 
Jun 24 Des Moines Upriver 49.22 (31.43) 
Jun 24 Des Moines Downriver 30.2 (11.76) 
Jun 29 Des Moines Upriver 9.66 (5.99) 
Jun 29 Des Moines Downriver 18.24 (7.57) 
Jul 10 Des Moines Downriver 5.13 (2.50) 
Jul 20 Des Moines Downriver 1.35 (1.06) 
Jul 30 Des Moines Downriver 0.98 (0.98) 
Aug 9 Des Moines Downriver 0.44 (0.44) 
Aug 19 Des Moines Downriver 0.99 (0.99) 
May 20 Iowa Upriver 8.54 (4.77) 
May 31 Iowa Upriver 0.42 (0.42) 
May 31 Iowa Downriver 0.34 (0.34) 
Jun 10 Iowa Upriver 8.59 (2.61) 
Jun 10 Iowa Downriver 1.06 (1.06) 
Jun 24 Iowa Downriver 11.8 (9.12) 
Jun 29 Iowa Upriver 0.31 (0.31) 
Jun 29 Iowa Downriver 0.61 (0.61) 
Jul 10 Iowa Upriver 0.59 (0.39) 
Jul 10 Iowa Downriver 4.24 (3.39) 
Jul 20 Iowa Downriver 3.56 (1.95) 
Jul 30 Iowa Downriver 0.33 (0.33) 
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APPENDIX 16. (CONTINUED). 
Taxonomic 
Group 
Year 
Sampling 
Session Start 
Date 
River Section 
Density 
(Number/100 m3) 
Sciaenidae 2015 
May 11 Skunk Downriver 1.26 (1.26) 
May 31 Skunk Downriver 1.64 (1.05) 
Jun 10 Skunk Downriver 3.61 (2.70) 
Jun 24 Skunk Downriver 3.48 (1.92) 
Jun 29 Skunk Downriver 12.57 (7.97) 
Jul 10 Skunk Downriver 3.59 (2.65) 
Jul 20 Skunk Downriver 3.66 (1.73) 
Jul 30 Skunk Downriver 10.99 (6.62) 
Aug 9 Skunk Downriver 20.51 (19.01) 
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APPENDIX 17. HYPOTHALMICHTHYS, GRASS, AND ASIAN CARP (SUM OF ALL 
THREE SPECIES) LARVAL DENSITIES (NUMBER/100 M3) PER TOW. DENSITIES 
WERE ROUNDED TO THE NEAREST INTEGER. RIVERS SAMPLED WERE THE 
DES MOINES (DSM), SKUNK (SKK), IOWA (IAR), AND UPPER MISSISSIPPI RIVER 
(UMR) AT EDDYVILLE (EDD), CLIFFLAND (CLF), KEOSAUQUA (KQA), MOUTH 
(MTH), DOWNSTREAM OF THE ENGLISH RIVER (DNE), UPSTREAM (UPD) AND 
DOWNSTREAM (DND) IN THE MISSISSIPPI RIVER FROM THE DES MOINES 
RIVER CONFLUENCE, UPSTREAM (UPS) AND DOWNSTREAM (DNS) IN THE 
MISSISSIPPI RIVER FROM OF THE SKUNK RIVER, AND UPSTREAM (UPI) AND 
DOWNSTREAM (DNI) IN THE MISSISSIPPI RIVER FROM OF THE IOWA.  
Date River Site Habitat 
Hypothalmichthys 
Carp Larval 
Density 
Grass Carp 
Larval 
Density 
Total Asian 
Carp Larval 
Density 
5/27/2014 SKK MTH Backwater 285 31 316 
5/27/2014 SKK MTH Channel Border 83 28 110 
5/27/2014 SKK MTH Thalweg 153 116 269 
5/27/2014 UMR DND Backwater 7 11 19 
5/27/2014 UMR DND Channel Border 16 10 26 
5/27/2014 UMR DND Thalweg 1 1 3 
5/27/2014 UMR DNS Backwater 0 4 4 
5/27/2014 UMR DNS Channel Border 2869 381 3251 
5/27/2014 UMR UPD Channel Border 3 2 5 
5/28/2014 UMR UPI Channel Border 2 2 5 
6/4/2014 UMR DND Backwater 5 10 15 
6/4/2014 UMR DND Thalweg 1 1 3 
6/4/2014 UMR DNS Thalweg 4 2 5 
6/4/2014 UMR UPD Backwater 16 0 16 
6/4/2014 UMR UPD Channel Border 3 2 5 
6/5/2014 UMR DNI Channel Border 4 0 4 
6/5/2014 UMR DNI Thalweg 2 0 2 
6/5/2014 UMR UPI Thalweg 0 2 2 
6/12/2014 UMR DND Thalweg 2 0 2 
6/21/2014 IAR MTH Backwater 0 18 18 
6/21/2014 IAR MTH Channel Border 95 140 235 
6/21/2014 IAR MTH Thalweg 4 7 11 
6/21/2014 UMR DNI Backwater 28 117 145 
6/21/2014 UMR DNI Channel Border 39 88 128 
6/21/2014 UMR DNI Thalweg 0 16 16 
6/21/2014 UMR DNS Thalweg 3 13 16 
6/21/2014 UMR UPI Channel Border 11 26 37 
6/21/2014 UMR UPS Channel Border 11 4 15 
8/30/2014 DSM EDD Channel Border 0 2 2 
5/31/2015 SKK MTH Backwater 0 14 14 
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APPENDIX 17. (CONTINUED). 
Date River Site Habitat 
Hypothalmichthys 
Larval Density 
Grass Carp 
Larval 
Density 
Total Asian 
Carp Larval 
Density 
5/31/2015 UMR UPD Thalweg 0 5 5 
5/31/2015 SKK MTH Channel Border 0 5 5 
5/31/2015 SKK MTH Thalweg 3 8 11 
5/31/2015 UMR DND Backwater 14 0 14 
5/31/2015 UMR DND Channel Border 0 2 2 
5/31/2015 UMR DND Thalweg 2 7 9 
5/31/2015 UMR UPD Channel Border 12 12 24 
5/31/2015 UMR UPS Thalweg 2 0 2 
6/1/2015 IAR MTH Channel Border 3 0 3 
6/1/2015 IAR MTH Thalweg 29 0 29 
6/1/2015 UMR DNI Channel Border 16 0 16 
6/10/2015 DSM KQA Channel Border 165 0 165 
6/10/2015 DSM KQA Thalweg 438 4 441 
6/10/2015 UMR DND Channel Border 2 0 2 
6/10/2015 UMR UPS Channel Border 0 4 4 
6/10/2015 UMR UPS Thalweg 0 2 2 
6/21/2015 UMR UPI Channel Border 0 5 5 
6/21/2015 UMR UPI Thalweg 0 2 2 
6/24/2015 DSM KQA Channel Border 3 0 3 
6/24/2015 DSM KQA Thalweg 10 0 10 
6/24/2015 DSM MTH Channel Border 0 6 6 
6/24/2015 IAR DNE Channel Border 0 4 4 
6/24/2015 UMR DND Channel Border 4 0 4 
6/29/2015 UMR DNS Thalweg 2 2 4 
6/29/2015 UMR UPS Channel Border 0 10 10 
6/30/2015 DSM KQA Channel Border 19 0 19 
6/30/2015 DSM KQA Thalweg 66 0 66 
6/30/2015 DSM MTH Backwater 60 0 60 
6/30/2015 DSM MTH Channel Border 153 3 156 
6/30/2015 DSM MTH Thalweg 17 0 17 
6/30/2015 UMR DND Channel Border 26 0 26 
7/10/2015 UMR UPD Channel Border 5 3 8 
7/31/2015 DSM MTH Backwater 27 0 27 
7/31/2015 DSM MTH Channel Border 14 0 14 
7/31/2015 DSM MTH Thalweg 32 0 32 
7/31/2015 UMR DND Backwater 165 0 165 
7/31/2015 UMR DND Thalweg 6 0 6 
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APPENDIX 18.  EGG AND LARVAL HYPOTHALMICHTHYS AND GRASS CARP 
DENSITIES (±1 SE) FROM UPRIVER AND DOWNRIVER SECTIONS IN THE DES 
MOINES (TOP) SKUNK (MIDDLE), AND IOWA (BOTTOM) RIVERS IN 2014 (LEFT) 
AND 2015 (RIGHT). PERCENT COMPOSITION OF SILVER CARP EGGS OF 
HYPOTHALMICHTHYS EGGS ARE LISTED ABOVE DENSITIES WHEN EGGS WERE 
COLLECTED. 
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APPENDIX 19. VALUES FOR HARDPOINTS, SINUOSITY, RIVER GRADIENT, AND AVAILABLE BACKWATER 
HABITAT BELOW 25 RKM FOR LOW, AVERAGE, AND HIGH WATER CONDITIONS FOR EACH 5 RKM SEGMENT 
OF THE DES MOINES RIVER BETWEEN RED ROCK DAM AT THE UPSTREAM END OF RIVER SEGMENT 46 TO 
THE MOUTH LOCATED AT THE DOWNSTREAM END OF SEGMENT 1. 
River 
Segment 
Hardpoints Sinuosity 
Gradient 
(m) 
Low 
Backwater 
Habitat (km2) 
Average 
Backwater 
Habitat (km2) 
High 
Backwater 
Habitat (km2) 
Low 
Rank 
Average 
Rank 
High 
Rank 
46 13 1.03 0.00 0.52 3.50 15.70 30 22 22 
45 10 1.06 -0.61 0.52 3.50 15.20 22 19 19 
44 2 1.43 -1.22 0.52 3.47 14.86 5 5 5 
43 8 1.71 -1.22 0.52 3.39 14.38 3 2 2 
42 3 1.30 -0.61 0.33 3.09 13.35 21 17 17 
41 2 1.23 -1.22 0.12 2.72 12.09 12 8 8 
40 2 1.04 -1.22 0.12 2.63 11.67 29 22 22 
39 12 1.14 -0.61 0.11 2.55 10.87 17 11 11 
38 23 1.51 -1.83 0.11 2.52 10.39 1 1 1 
37 10 1.24 -1.83 0.11 2.41 9.50 4 2 2 
36 9 1.14 0.61 0.00 2.11 8.72 42 24 24 
35 0 1.16 -0.61 0.00 1.87 8.17 46 36 36 
34 1 1.21 -1.83 0.00 1.69 7.65 34 10 9 
33 4 1.11 -1.83 0.00 1.55 6.85 36 11 11 
32 2 1.17 -0.61 0.00 1.51 6.40 43 33 32 
31 14 1.10 -0.00 0.00 1.49 6.09 41 26 25 
30 30 1.20 -4.88 0.01 1.49 5.69 2 4 4 
29 0 1.85 -1.83 0.01 1.48 5.56 5 6 6 
28 8 1.40 -0.61 0.01 1.45 5.26 15 15 14 
27 0 1.51 -1.22 0.01 1.45 5.01 14 14 14 
26 0 1.09 -1.83 0.01 1.41 4.77 27 29 29 
25 8 1.38 -1.22 0.01 1.41 4.62 8 7 7 
24 1 1.12 -1.22 0.01 1.35 4.42 30 35 35 
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APPENDIX 19. (CONTINUED). 
River 
Segment 
Hardpoints Sinuosity 
Gradient 
(m) 
Low  
Backwater 
Habitat 
(km2) 
Average 
Backwater 
Habitat 
(km2) 
High 
Backwater 
Habitat 
(km2) 
Low 
Rank 
Average 
Rank 
High 
Rank 
23 5 1.13 -1.83 0.01 1.34 4.34 11 15 14 
22 3 1.01 -1.22 0.01 1.34 4.21 38 40 40 
21 0 1.02 -2.44 0.01 1.34 4.03 36 37 38 
20 0 1.05 -1.22 0.01 1.33 3.94 39 43 43 
19 6 1.38 0.00 0.01 1.33 3.87 23 30 32 
18 5 1.04 -1.83 0.01 1.33 3.74 19 26 27 
17 2 1.43 -1.83 0.01 1.33 3.66 5 9 10 
16 0 1.31 -1.22 0.01 1.32 3.64 19 30 30 
15 0 1.79 -1.83 0.01 1.32 3.48 8 13 13 
14 10 1.06 -1.22 0.01 1.32 3.41 16 24 26 
13 4 1.13 -2.44 0.01 1.32 3.25 10 20 20 
12 0 1.09 -1.83 0.01 1.31 3.05 26 38 37 
11 7 1.02 -1.22 0.01 1.31 2.87 30 42 42 
10 0 1.04 -3.66 0.01 1.18 2.67 28 41 41 
9 0 1.20 -1.22 0.01 0.78 2.25 25 39 38 
8 0 1.03 -1.22 0.01 0.55 1.63 40 46 46 
7 4 1.21 -1.22 0.01 0.21 0.73 13 30 30 
6 0 1.08 -1.22 0.00 0.00 0.00 45 45 45 
5 10 1.12 -1.22 0.00 0.00 0.00 30 28 27 
4 0 1.52 1.22 0.00 0.00 0.00 44 44 44 
3 1 1.31 -3.66 0.00 0.00 0.00 24 21 20 
2 9 1.85 0.61 0.00 0.00 0.00 34 33 32 
1 9 1.14 -3.66 0.00 0.00 0.00 18 17 17 
 
 
